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APPARATUS AND METHOD FOR
IMPROVED CONCEALMENT OF THE
ADAPTIVE CODEBOOK IN A CELP-LIKE
CONCEALMENT EMPLOYING IMPROVED
PITCH LAG ESTIMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of copending Interna-
tional Application No. PCT/EP2014/062389, filed Jun. 16,
2014, which 1s incorporated herein by reference in 1its

entirety, and additionally claims priority from FEuropean
Applications Nos. EP13173157.2, filed Jun. 21, 2013, and

EP14166990.3, filed May 35, 2014, both of which are incor-
porated herein by reference 1n their entirety.

The present mvention relates to audio signal processing,
in particular to speech processing, and, more particularly, to
an apparatus and a method for improved concealment of the
adaptive  codebook 1 ACELP-like  concealment

(ACELP=Algebraic Code Excited Linear Prediction).

BACKGROUND OF THE INVENTION

Audio signal processing becomes more and more impor-
tant. In the field of audio signal processing, concealment
techniques play an important role. When a frame gets lost or
1s corrupted, the lost information from the lost or corrupted
frame has to be replaced. In speech signal processing, 1n
particular, when considering ACELP- or ACELP-like-
speech codecs, pitch information 1s very important. Pitch
prediction techniques and pulse resynchronization tech-
niques are needed.

Regarding pitch reconstruction, different pitch extrapola-
tion techniques exist in conventional technology.

One of these techmiques 1s a repetition based technique.
Most of the state of the art codecs apply a simple repetition
based concealment approach, which means that the last
correctly received pitch period betfore the packet loss 1s
repeated, until a good frame arrives and new pitch informa-
tion can be decoded from the bitstream. Or, a pitch stability
logic 1s applied according to which a pitch value 1s chosen
which has been recerved some more time before the packet
loss. Codecs following the repetition based approach are, for
example, G.719 (see G.719: Low-complexity, full-band
audio coding for high-quality, conversational applications,
Recommendation ITU-T G.719, Telecommunication Stan-
dardization Sector of I'TU, June 2008, 8.6), G.729 (see
(G.719: Low-complexity, full-band audio coding for high-
quality, conversational applications, Recommendation
[TU-T G.719, Telecommunication Standardization Sector of
ITU, June 2008, 4.4]), AMR (see Adaptive multi-rate
(AMR) speech codec; error concealment of lost frames
(release 11), 3GPP TS 26.091, 3rd Generation Partnership
Project, September 2012, 6.2.3.1; ITU-T, Wideband coding
of speech at around 16 kbit/s using adaptive multi-rate
wideband (amr-wb), Recommendation ITU-T G.722.2,
Telecommunication Standardization Sector of ITU, July
2003), AMR-WB (see Speech codec speech processing
functions; adaptive multi-rate-wideband (AMRWB) speech
codec; error concealment of erroneous or lost frames, 3GPP
TS 26.191, 3rd Generation Partnership Project, September
2012, 6.23.42) and AMR-WB+(ACELP and TCX20
(ACELP like) concealment) (see 3GPP; Technical Specifi-
cation Group Services and System Aspects, Extended adap-
tive multi-rate-wideband (AMR-WB+) codec, 3GPP TS
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2

26.290, 3rd Generation Partnership Project, 2009);
(AMR=Adaptive Multi-Rate; AMR-WB=Adaptive Multi-
Rate-Wideband).

Another pitch reconstruction technique of conventional
technology 1s pitch dernivation from time domain. For some
codecs, the pitch may be used for concealment, but not
embedded in the bitstream. Theretfore, the pitch 1s calculated
based on the time domain signal of the previous frame in
order to calculate the pitch period, which 1s then kept
constant during concealment. A codec Ifollowing this
approach 1s, for example, G.722, see, 1 particular G.722
Appendix 3 (see ITU-T, Wideband coding of speech at
around 16 kbit/s using adaptive multi-rate wideband (amr-
whb), Recommendation I'TU-T G.722.2, Telecommunication

Standardization Sector of ITU, July 2003, 111.6.6 and
111.6.7) and G.722 Appendix 4 (see G.722 Appendix IV: A
low-complexity algorithm for packet loss concealment with
(G.722, ITU-T Recommendation, ITU-T, August 2007,
IV.6.1.2.5).

A further pitch reconstruction technique of conventional
technology 1s extrapolation based. Some state of the art
codecs apply pitch extrapolation approaches and execute
specific algorithms to change the pitch accordingly to the
extrapolated pitch estimates during the packet loss. These
approaches will be described in more detail as follows with
reference to G.718 and G.729.1.

At first, G.718 considered (see (G.718: Frame error robust
narrow-band and wideband embedded variable bit-rate cod-
ing ol speech and audio from 8-32 kbit/s, Recommendation
[TU-T G.718, Telecommunication Standardization Sector of
ITU, June 2008). An estimation of the future pitch 1is
conducted by extrapolation to support the glottal pulse
resynchronization module. This mnformation on the possible
future pitch value 1s used to synchronize the glottal pulses of
the concealed excitation.

The pitch extrapolation 1s conducted only if the last good
frame was not UNVOICED. The pitch extrapolation of
(G.718 1s based on the assumption that the encoder has a
smooth pitch contour. Said extrapolation 1s conducted based
on the pitch lags dﬁ_[ﬂ of the last seven subirames before the
erasure.

In G.718, a history update of the floating pitch values 1s
conducted after every correctly received frame. For this
purpose, the pitch values are updated only if the core mode
1s other than UNVOICED. In the case of a lost frame, the
difference A dﬁ[i] between the floating pitch lags 1s computed
according to the formula

i1— 7 [i i-1 .
Adﬁ[]—dﬁ,[ ]—dﬁ,[ I fori=-1,...,-6

(1)

In formula (1), d,,!="1 denotes the pitch lag of the last (i.e.
4™) subframe of the previous frame; dﬁ['z] denotes the pitch

lag of the 3" subframe of the previous frame; etc.
According to G.718, the sum of the differences A ,"! is
computed as

(2)

—6
SA :::E:ﬁﬁgé

i=—1

As the values Adﬁ[i] can be positive or negative, the
number of sign inversions of Adﬁ,m 1s summed and the
position of the first imnversion 1s indicated by a parameter
being kept 1n memory.
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The parameter 1__ . 1s found by

COFF

(3)

L

fﬂﬂ?’f" —

where d_ =231 1s the maximum considered pitch lag.
In G.718, a position 1, __, indicating the maximum abso-
lute difference 1s found according to the definition

=1 MAX;, 1_5(ﬂb5(ﬁdfr[i]))}

and a ratio for this maximum difference 1s computed as
follows:

5 .ﬁt[i;i;?f] (4)

(58 = Agf™)

rmax —

If this ratio 1s greater than or equal to 5, then the pitch of
the 4th subirame of the last correctly received frame 1s used
for all subirames to be concealed. If this ratio 1s greater than
or equal to 5, this means that the algorithm 1s not sure
enough to extrapolate the pitch, and the glottal pulse resyn-
chronmization will not be done.

If r, __ 1s less than 5, then additional processing i1s con-
ducted to achieve the best possible extrapolation. Three
different methods are used to extrapolate the future pitch. To
choose between the possible pitch extrapolation algorithms,
a deviation parameter 1, , 1s computed, which depends on
the factor £, and on the position of the maximum pitch
variation 1, _ . However, at first, the mean floating pitch
difference 1s modified to remove too large pitch diflerences
from the mean:

Itf _<0.98 and 1t 1 __=3, then the mean fractional pitch

COFF FRLGEX

difference A ;. is determined according to the formula

(5)

Edfr —

—
(Sﬂ — &c[ifr |

—5
3

to remove the pitch differences related to the transition
between two frames.

It £, _ =098 or if 1, _ =3, the mean fractional pitch dif-

COFF

ference A ;. is computed as

(6)

and the maximum floating pitch diflerence 1s replaced with

this new mean value
afr (7)

With this new mean of the floating pitch diflerences, the
normalized deviation 1., 1s computed as:

[ I (8)
Z (Agh — Edfr)z

\ i=—1

Isf ] dmax

fmrrZ =1-
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4

wherein I .1s equal to 4 in the first case and 1s equal to 6 1n
the second case.

Depending on this new parameter, a choice 1s made
between the three methods of extrapolating the future pitch:

It A" changes sign more than twice (this indicates a
high pitch vanation), the first sign mversion 1s in the
last good frame (for1<3), and f__, ,>0.945, the extrapo-
lated pitch, d__,, (the extrapolated pitch 1s also denoted
as 1

) 1s computed as follows:

ext

—4
S}’ = Z A-:[i;lr

i=—1

-2 -3 —4
sy = A +2- A0 +3- A0

_ (7.5, —3-5:y)
Al 1]_|_( y y ]]
I 10

d,.; = round

I£0.945<f,_,,,,<0.99 and A’ changes sign at least once,

the weighted mean of the fractional pitch differences 1s
employed to extrapolate the pitch. The weighting, { , of the
mean difference 1s related to the normalized deviation, £ __, ,,

and the position of the first sign inversion 1s defined as
follows:

Jw = feorr2 ” (hﬂ%)

The parameter1___ of the formula depends on the position

of the first sign inversion of A dfj,, such that1,___=01fthe
first sign 1nversion occurred between the last two
subirames of the past frame, such that1,___=1 1if the first
sign inversion occurred between the 2”¢ and 3% sub-
frames of the past frame, and so on. If the first sign
inversion 1s close to the last frame end, this means that
the pitch variation was less stable just before the lost
frame. Thus the weighting factor applied to the mean
will be close to 0 and the extrapolated pitch d__, will be
close to the pitch of the 4” subframe of the last good

frame:

d,.~round[A,"=4-A ;. f, ]

exrt

Otherwise, the pitch evolution 1s considered stable and the
extrapolated pitch d_,, 1s determined as follows:

ext

d p=round[d " =4-A ..

ext

After this processing, the pitch lag 1s limited between 34
and 231 (values denote the minimum and the maximum
allowed pitch lags).

Now, to illustrate another example of extrapolation based
pitch reconstruction techniques, (G.729.1 1s considered (see
(G.722 Appendix I1I: A high-complexity algorithm for packet
loss concealment for (5.722, ITU-T Recommendation, ITU-
T, November 2006).

(G.729.1 features a pitch extrapolation approach (see
European Patent No. 2 002 427 Bl, Yang Gao, “Pitch
prediction for packet loss concealment™), 1n case that no
forward error concealment information (e.g., phase infor-
mation) 1s decodable. This happens, for example, 1 two

consecutive frames get lost (one superirame consists of four
frames which can be either ACELP or TCX20). There are

also TCX40 or TCXR80 frames possible and almost all
combinations of it.

When one or more frames are lost 1 a voiced region,
previous pitch information 1s used to reconstruct the current
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lost frame. The precision of the current estimated pitch may
directly influence the phase alignment to the original signal,
and 1t 1s critical for the reconstruction quality of the current
lost frame and the received frame after the lost frame. Using
several past pitch lags nstead of just copying the previous 3
pitch lag would result in statistically better pitch estimation.
In the G.729.1 coder, pitch extrapolation for FEC
(FEC=forward error correction) consists of linear extrapo-
lation based on the past five pitch values. The past five pitch
values are P(1), for 1=0, 1, 2, 3, 4, wherein P(4) 1s the latest 10
pitch value. The extrapolation model 1s defined according to:

P'{D)=a++i-b (9)

The extrapolated pitch value for the first subirame 1n a lost
frame 1s then defined as: 15

P'(5)=a+5-b (10)

B

In order to determine the coeflicients a and b, an error E
1s minimized, wherein the error E 1s defined according to:

20
! (11)
E= ) [P(i)- P
1=0
4
= la+b-i)- P 25
=0
By setting
30
cSE_O chE_D (12)
Sa U 6b
a and b result to: 35

4 4 4 (13)
32 P(i) — Z i P(i) Z i- P(i) — 22 P()
;=0 ' 1=0

= 40
S 10

In the following, a frame erasure concealment concept of
conventional technology for the AMR-WB codec as pre-
sented 1n Xinwen Mu, Hexin Chen, and Yan Zhao, A frame 45
erasure concealment method based on pitch and gain linear
prediction for AMR-WB codec, 2011 IEEE International
Conference on Consumer E Jectromcs (ICCE), January 2011,
pp. 815-816, 1s described. This frame erasure concealment
concept 1s based on pitch and gain linear prediction. Said 50
paper proposes a linear pitch mter/extrapolation approach in
case of a frame loss, based on a Minimum Mean Square
Error Criterion.

According to this frame erasure concealment concept, at
the decoder, when the type of the last valid frame before the 55
crased frame (the past frame) 1s the same as that of the
carliest one after the erased frame (the future frame), the
pitch P(1) 1s defined, where 1=—N, -N+1,...,0,1, ..., N+4,
N+5, and where N 1s the number of past and future sub-
frames of the erased frame. P(1), P(2), P(3), P(4) are the four 60
pitches of four subirames in the erased frame, P(0),
P(-1), ..., P(-N) are the pitches of the past subiframes, and
P(5), P(6), . . . , P(N+5) are the pitches of the future
subiframes. A linear prediction model P'(i)=a+b-1 1s
employed. For 1=1, 2, 3, 4; P'(1), P'(2), P'(3), P'(4) are the 65
predicted pitches for the erased frame. The MMS Criterion
(MMS=Mimmmum Mean Square) 1s taken into account to

6

derive the values of two predicted coeflicients a and b
according to an interpolation approach. According to this
approach, the error E 1s defined as:

0 N+3 (14a)
E= Y [P)-POP+ ) [P)-POP
Y 3
0 N+35
=Y la+b-i= PO+ ) [a+b-i-Pi)
Y 3

Then, the coeflicients a and b can be obtained by calcu-
lating

SE OF _ (14b)
N+5S (14c)
2 Z P(i) +Z P()|- (N> + ON? £ 38N + 1)

(N +1)- (4N3 +36N2 + 107N — 1)

N+5 | (14d)
9 Z P(i) + Z P(i)

- 1—107N 36N2 AN3

The pitch lags for the last four subirames of the erased
frame can be calculated according to:

P(l)=a+b-1; P(2)=a+b-2

P'(3)=a+b-3; P(4)a+b-4 (14¢)

It 1s found that N=4 provides the best result. N=4 means
that five past subirames and five future subirames are used
for the interpolation.

However, when the type of the past frames 1s different
from the type of the future frames, for example, when the
past frame 1s voiced but the future frame 1s unvoiced, just the
voiced pitches of the past or the future frames are used to
predict the pitches of the erased frame using the above
extrapolation approach.

Now, pulse resynchronmization 1in conventional technology
1s considered, 1 particular with reference to G.718 and
(.729.1. An approach 1for pulse resynchronization 1is
described 1n U.S. Pat. No. 8,255,207 B2, Tommy Vaillan-
court, Milan Jelinek, Philippe Gournay, and Redwan Salamiu,
“Method and device for eflicient frame erasure concealment
in speech codecs,” 2012.

At first, constructing the periodic part of the excitation 1s
described.

For a concealment of erased frames following a correctly
received frame other than UNVOICED, the periodic part of
the excitation 1s constructed by repeating the low pass
filtered last pitch period of the previous frame.

The construction of the periodic part 1s done using a
simple copy of a low pass filtered segment of the excitation
signal from the end of the previous frame.

The pitch period length 1s rounded to the closest integer:

1" =round(last_pitch) (15a)

Considering that the last pitch period length 1s T, then the
length of the segment that 1s copied, T,, may, e.g., be defined
according to:

T,=[T,+0.3] (15b)
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The periodic part 1s constructed for one frame and one
additional subirame.

For example, with M subirames in a frame, the subirame
length 1s

L
L_subir= —
M
wherein L 1s the {rame Ilength, also denoted as
L ame: -L=L_frame.
FIG. 3 illustrates a constructed periodic part of a speech
signal.

T[0] 1s the location of the first maximum pulse in the
constructed periodic part of the excitation. The positions of
the other pulses are given by:

T[i|=7T0]+T, (162)

corresponding to

T[i1=7T0]+T. (16b)

After the construction of the periodic part of the excita-
tion, the glottal pulse resynchronization 1s performed to
correct the diflerence between the estimated target position
of the last pulse 1n the lost frame (P), and its actual position
in the constructed periodic part of the excitation (T[k]).

The pitch lag evolution 1s extrapolated based on the pitch
lags of the last seven subirames before the lost frame. The
evolving pitch lags in each subirame are:

plil=round(7 +(i+1)0), O=i<M (17a)

where

(17b)

and T__, (also denoted as d__,) 1s the extrapolated pitch as
described above for d__..

The difference, denoted as d, between the sum of the total
number of samples within pitch cycles with the constant
pitch (T ) and the sum of the total number of samples within
pitch cycles with the evolving pitch, p[i], 1s found within a
frame length. There 1s no description 1n the documentation
how to find d.

In the source code of G.718 (see (5.718: Frame error
robust narrow-band and wideband embedded variable bit-
rate coding of speech and audio from 8-32 kbit/s, Recom-
mendation ITU-T G.718, Telecommunication Standardiza-
tion Sector of ITU, June 2008), d 1s found using the
tollowing algorithm (where M 1s the number of subiframes 1n
a Irame):

ftmp = p[0];

1=1;

while (ftmp < L frame — pit_min) {
sect = (short)(ftmp*M/L__frame);
ftmp += p[sect];
1++;

h
d = (short)(i*Tc — ftmp);

The number of pulses 1n the constructed periodic part
within a frame length plus the first pulse in the future frame
1s N. There 1s no description 1n the documentation how to

find N.
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8

In the source code of G.718 (see (.718: Frame error
robust narrow-band and wideband embedded variable bit-
rate coding of speech and audio from 8-32 kbit/s, Recom-

mendation [TU-T G.718, Telecommunication Standardiza-
tion Sector of ITU, June 2008), N 1s found according to:

(18a)

L. _frame
N=1+{ ‘

1c

The position of the last pulse T[n] in the constructed
periodic part of the excitation that belongs to the lost frame
1s determined by:

TN — 1] < L_frame

N -1, (18b)
"TIN-2 TIN-1]2L frame

The estimated last pulse position P 1s:

P=1Tn]+d (19a)

The actual position of the last pulse position T[k] 1s the
position of the pulse 1n the constructed periodic part of the
excitation (including 1n the search the first pulse after the
current frame) closest to the estimated target position P:

Vil TTk]-Pl<| TTi]-P|, O<i<N (19b)

The glottal pulse resynchronization 1s conducted by add-
ing or removing samples in the minimum energy regions of
the tull pitch cycles. The number of samples to be added or
removed 1s determined by the difference:

diff+P-7TK] (19¢)

The minimum energy regions are determined using a
sliding S-sample window. The minimum energy position 1s
set at the middle of the window at which the energy 1s at a
minimum. The search 1s performed between two pitch pulses
from T[1]+1 /8 to T [1+1]-T /4. There are N_. =n—1 mini-
mum energy regions.

If Nmin=1, then there 1s only one minimum energy region
and dif 1 samples are inserted or deleted at that position.

For Nmin>1, less samples are added or removed at the
beginning and more towards the end of the frame. The
number of samples to be removed or added between pulses
T[1] and T[1+1] 1s found using the following recursive
relation:

”‘ 2\dif| (15d)

(i+172 & |
with f = T

zf_

R|i] = round R[k]

1
f=0 g,

If R[1]<R[1-1], then the values of R|1] and R[1-1] are
interchanged.

SUMMARY

According to an embodiment, an apparatus for determin-
ing an estimated pitch lag may have: an mput interface for
receiving a plurality of original pitch lag values, and a pitch
lag estimator for estimating the estimated pitch lag, wherein
the pitch lag estimator 1s configured to estimate the esti-
mated pitch lag depending on a plurality of original pitch lag
values and depending on a plurality of information values,
wherein for each original pitch lag value of the plurality of
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original pitch lag values, an information value of the plu-
rality of information values 1s assigned to said original pitch
lag value.

According to another embodiment, a method for deter-
mimng an estimated pitch lag may have the steps of:
receiving a plurality of original pitch lag values, and esti-
mating the estimated pitch lag, wherein estimating the
estimated pitch lag 1s conducted depending on a plurality of
original pitch lag values and depending on a plurality of
information values, wherein for each original pitch lag value
of the plurality of original pitch lag values, an information
value of the plurality of imnformation values 1s assigned to
said original pitch lag value.

Another embodiment may have a computer program for
implementing a method for determining an estimated pitch
lag when being executed on a computer or signal processor.

According to an embodiment, the pitch lag estimator may,
¢.g., be configured to estimate the estimated pitch lag
depending on the plurality of original pitch lag values and
depending on a plurality of pitch gain values as the plurality
of information values, wherein for each original pitch lag
value of the plurality of original pitch lag values, a pitch gain
value of the plurality of pitch gain values 1s assigned to said
original pitch lag value.

In a particular embodiment, each of the plurality of pitch
gain values may, e.g., be an adaptive codebook gain.

In an embodiment, the pitch lag estimator may, e.g., be
configured to estimate the estimated pitch lag by minimizing
an error function.

According to an embodiment, the pitch lag estimator may,
¢.g., be configured to estimate the estimated pitch lag by
determining two parameters a, b, by minimizing the error
function

k

err = Z go()-((a+b-)— P)?,
1=0

wherein a 1s a real number, wherein b 1s a real number,
wherein k 1s an integer with k=2, and wherein P(1) 1s the 1-th
original pitch lag value, wherein g (1) 1s the 1-th pitch gain
value being assigned to the 1-th pitch lag value P(1).

In an embodiment, the pitch lag estimator may, e.g., be
configured to estimate the estimated pitch lag by determin-
ing two parameters a, b, by minimizing the error function

4

err = Z g, ((a+b-i) = P(i)°,
=0

wherein a 1s a real number, wherein b 1s a real number,
wherein P(1) 1s the 1-th original pitch lag value, wherein g (1)
1s the 1-th pitch gain value being assigned to the 1-th pitch lag
value P(1).

According to an embodiment, the pitch lag estimator may,
¢.g., be configured to determine the estimated pitch lag p
according to p=a-1+b.

In an embodiment, the pitch lag estimator may, e.g., be
configured to estimate the estimated pitch lag depending on
the plurality of original pitch lag values and depending on a
plurality of time values as the plurality of information
values, wherein for each original pitch lag value of the
plurality of original pitch lag values, a time value of the
plurality of time values 1s assigned to said original pitch lag
value.
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According to an embodiment, the pitch lag estimator may,
¢.g., be configured to estimate the estimated pitch lag by
minimizing an error function.

In an embodiment, the pitch lag estimator may, e.g., be
configured to estimate the estimated pitch lag by determin-
ing two parameters a, b, by minimizing the error function

k
err = ) timepassea(D)- (@ + b+ i) = P(D))?
=0

wherein a 1s a real number, wherein b 1s a real number,
wherein k 1s an integer with k=2, and wherein P(1) 1s the 1-th
original pitch lag value, wherein time, (1) 1s 1 the 1-th
time value being assigned to the i1-th pitch lag value P(1).

According to an embodiment, the pitch lag estimator may,
¢.g., be configured to estimate the estimated pitch lag by
determining two parameters a, b, by minimizing the error
function

4
err = Z timepgsseq () - (@ + b+ 1) — P(D)),
i=0

wherein a 1s a real number, wherein b 1s a real number,
wherein P(1) 1s the 1-th original pitch lag value, wherein
time, .. .(1) 1s the 1-th time value being assigned to the 1-th
pitch lag value P(1).

In an embodiment, the pitch lag estimator 1s configured to
determine the estimated pitch lag p according to p=a-1+b.

Moreover, a method for determining an estimated pitch
lag 1s provided. The method comprises:

Receiving a plurality of original pitch lag values, and

Estimating the estimated pitch lag.

Estimating the estimated pitch lag 1s conducted depending,
on a plurality of original pitch lag values and depending on
a plurality of information values, wherein for each original
pitch lag value of the plurality of original pitch lag values,
an mformation value of the plurality of information values
1s assigned to said original pitch lag value.

Furthermore, a computer program for implementing the
above-described method when being executed on a com-
puter or signal processor 1s provided.

Moreover, an apparatus for reconstructing a frame com-
prising a speech signal as a reconstructed frame 1s provided,
said reconstructed frame being associated with one or more
available frames, said one or more available frames being at
least one of one or more preceding frames of the recon-
structed frame and one or more succeeding frames of the
reconstructed frame, wherein the one or more available
frames comprise one or more pitch cycles as one or more
available pitch cycles. The apparatus comprises a determi-
nation umt for determining a sample number difference
indicating a difference between a number of samples of one
of the one or more available pitch cycles and a number of
samples of a first pitch cycle to be reconstructed. Moreover,
the apparatus comprises a Irame reconstructor for recon-
structing the reconstructed frame by reconstructing, depend-
ing on the sample number difference and depending on the
samples of said one of the one or more available pitch
cycles, the first pitch cycle to be reconstructed as a first
reconstructed pitch cycle. The frame reconstructor 1s con-
figured to reconstruct the reconstructed frame, such that the

reconstructed frame completely or partially comprises the
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first reconstructed pitch cycle, such that the reconstructed
frame completely or partially comprises a second recon-
structed pitch cycle, and such that the number of samples of
the first reconstructed pitch cycle differs from a number of
samples of the second reconstructed pitch cycle.

According to an embodiment, the determination unit may,
¢.g., be configured to determine a sample number diflerence
for each of a plurality of pitch cycles to be reconstructed,
such that the sample number difference of each of the pitch
cycles indicates a diflerence between the number of samples
of said one of the one or more available pitch cycles and a
number of samples of said pitch cycle to be reconstructed.
The frame reconstructor may, €.g., be configured to recon-
struct each pitch cycle of the plurality of pitch cycles to be
reconstructed depending on the sample number diflerence of
said pitch cycle to be reconstructed and depending on the
samples of said one of the one or more available pitch
cycles, to reconstruct the reconstructed frame.

In an embodiment, the frame reconstructor may, e.g., be
configured to generate an mtermediate frame depending on
said one of the of the one or more available pitch cycles. The
frame reconstructor may, e.g., be configured to modify the
intermediate frame to obtain the reconstructed frame.

According to an embodiment, the determination unit may,
¢.g., be configured to determine a frame diflerence value (d;
s) indicating how many samples are to be removed from the
intermediate frame or how many samples are to be added to
the intermediate frame. Moreover, the frame reconstructor
may, e.g., be configured to remove first samples from the
intermediate frame to obtain the reconstructed frame, when
the frame difference value indicates that the first samples
shall be removed from the frame. Furthermore, the frame
reconstructor may, €.g., be configured to add second samples
to the intermediate frame to obtain the reconstructed frame,
when the frame difference value (d; s) indicates that the
second samples shall be added to the frame.

In an embodiment, the frame reconstructor may, e.g., be
configured to remove the first samples from the intermediate
frame when the frame difference value indicates that the first
samples shall be removed from the frame, so that the number
of first samples that are removed from the intermediate
frame 1s 1indicated by the frame difference value. Moreover,
the frame reconstructor may, e.g., be configured to add the
second samples to the intermediate frame when the frame
difference value indicates that the second samples shall be
added to the frame, so that the number of second samples

that are added to the intermediate frame 1s indicated by the
frame difference value.

According to an embodiment, the determination unit may,
¢.g., be configured to determine the frame difference number
s so that the formula:

holds true, wherein L indicates a number of samples of the
reconstructed frame, wherein M 1indicates a number of
subframes of the reconstructed frame, wherein T, indicates
a rounded pitch period length of said one of the one or more
available pitch cycles, and wherein p[i1] indicates a pitch
period length of a reconstructed pitch cycle of the 1-th
subirame of the reconstructed frame.

In an embodiment, the frame reconstructor may, e.g., be
adapted to generate an intermediate frame depending on said
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one of the one or more available pitch cycles. Moreover, the
frame reconstructor may, e.g., be adapted to generate the
intermediate frame so that the intermediate frame comprises
a first partial intermediate pitch cycle, one or more further
intermediate pitch cycles, and a second partial intermediate
pitch cycle. Furthermore, the first partial intermediate pitch
cycle may, e.g., depend on one or more of the samples of
said one of the one or more available pitch cycles, wherein
cach of the one or more further intermediate pitch cycles
depends on all of the samples of said one of the one or more
available pitch cycles, and wherein the second partial inter-
mediate pitch cycle depends on one or more of the samples
of said one of the one or more available pitch cycles.
Moreover, the determination umt may, €.g., be configured to
determine a start portion diflerence number indicating how
many samples are to be removed or added from the first
partial intermediate pitch cycle, and wherein the frame
reconstructor 1s configured to remove one or more first
samples from the first partial intermediate pitch cycle, or 1s
configured to add one or more first samples to the first partial
intermediate pitch cycle depending on the start portion
difference number. Furthermore, the determination unit may,
¢.g., be configured to determine for each of the further
intermediate pitch cycles a pitch cycle difference number
indicating how many samples are to be removed or added
from said one of the further intermediate pitch cycles.
Moreover, the frame reconstructor may, €.g., be configured
to remove one or more second samples from said one of the
turther intermediate pitch cycles, or 1s configured to add one
or more second samples to said one of the further interme-
diate pitch cycles depending on said pitch cycle diflerence
number. Furthermore, the determination unit may, e.g., be
configured to determine an end portion difference number
indicating how many samples are to be removed or added
from the second partial intermediate pitch cycle, and
wherein the frame reconstructor 1s configured to remove one
or more third samples from the second partial intermediate
pitch cycle, or 1s configured to add one or more third samples
to the second partial intermediate pitch cycle depending on
the end portion difference number.

According to an embodiment, the frame reconstructor
may, €.g., be configured to generate an intermediate frame
depending on said one of the of the one or more available
pitch cycles. Moreover, the determination unit may, e.g., be
adapted to determine one or more low energy signal portions
of the speech signal comprised by the imntermediate frame,
wherein each of the one or more low energy signal portions
1s a first signal portion of the speech signal within the
intermediate frame, where the energy of the speech signal 1s
lower than 1n a second signal portion of the speech signal
comprised by the intermediate frame. Furthermore, the
frame reconstructor may, €.g., be configured to remove one
or more samples from at least one of the one or more low
energy signal portions of the speech signal, or to add one or
more samples to at least one of the one or more low energy
signal portions of the speech signal, to obtain the recon-
structed frame.

In a particular embodiment, the frame reconstructor may,
¢.g., be configured to generate the intermediate frame, such
that the intermediate frame comprises one or more recon-
structed pitch cycles, such that each of the one or more
reconstructed pitch cycles depends on said one of the of the
one or more available pitch cycles. Moreover, the determi-
nation unit may, €.g., be configured to determine a number
of samples that shall be removed from each of the one or
more reconstructed pitch cycles. Furthermore, the determai-
nation unit may, €.g., be configured to determine each of the
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one or more low energy signal portions such that for each of
the one or more low energy signal portions a number of
samples of said low energy signal portion depends on the
number of samples that shall be removed from one of the
one or more reconstructed pitch cycles, wherein said low
energy signal portion 1s located within said one of the one or
more reconstructed pitch cycles.

In an embodiment, the determination unit may, e.g., be
configured to determine a position of one or more pulses of
the speech signal of the frame to be reconstructed as
reconstructed frame. Moreover, the {frame reconstructor
may, €.g., be configured to reconstruct the reconstructed
frame depending on the position of the one or more pulses
of the speech signal.

According to an embodiment, the determination unit may,
¢.g., be configured to determine a position of two or more
pulses of the speech signal of the frame to be reconstructed
as reconstructed frame, wherein T[0] 1s the position of one
of the two or more pulses of the speech signal of the frame
to be reconstructed as reconstructed frame, and wherein the
determination unit 1s configured to determine the position
(T[1]) of further pulses of the two or more pulses of the
speech signal according to the formula:

T[i1=TT0]+T.

wherein T, indicates a rounded length of said one of the one
or more available pitch cycles, and wherein 1 1s an integer.

According to an embodiment, the determination unit may,
¢.g., be configured to determine an index k of the last pulse
of the speech signal of the frame to be reconstructed as the
reconstructed frame such that

wherein L indicates a number of samples of the recon-
structed frame, wherein s indicates the frame difference
value, wherein T[0] indicates a position of a pulse of the
speech signal of the frame to be reconstructed as the
reconstructed frame, being different from the last pulse of
the speech signal, and wherein T, indicates a rounded length
of said one of the one or more available pitch cycles.

In an embodiment, the determination unit may, e.g., be
configured to reconstruct the frame to be reconstructed as
the reconstructed frame by determining a parameter o,
wherein 0 1s defined according to the formula:

wherein the frame to be reconstructed as the reconstructed
frame comprises M subirames, wherein T, indicates the
length of said one of the one or more available pitch cycles,
and wheremn T__, T__, indicates a length of one of the pitch
cycles to be reconstructed of the frame to be reconstructed
as the reconstructed frame.

According to an embodiment, the determination unit may,
¢.g., be configured to reconstruct the reconstructed frame by
determining a rounded length T, of said one of the one or

more available pitch cycles based on formula:

T,=|T,+0.5.

wherein T, indicates the length of said one of the one or
more available pitch cycles.
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In an embodiment, the determination unit may, e.g., be
configured to reconstruct the reconstructed frame by apply-
ing the formula:

wherein 1, indicates the length of said one ot the one or
more available pitch cycles, wherein T, indicates a rounded
length of said one of the one or more available pitch cycles,
wherein the frame to be reconstructed as the reconstructed
frame comprises M subirames, wherein the frame to be
reconstructed as the reconstructed frame comprises L
samples, and wherein 0 1s a real number indicating a
difference between a number of samples of said one of the
one or more available pitch cycles and a number of samples
of one of one or more pitch cycles to be reconstructed.

Moreover, a method for reconstructing a frame compris-
ing a speech signal as a reconstructed frame 1s provided, said
reconstructed frame being associated with one or more
available frames, said one or more available frames being at
least one of one or more preceding frames of the recon-
structed frame and one or more succeeding frames of the
reconstructed frame, wherein the one or more available
frames comprise one or more pitch cycles as one or more
available pitch cycles. The method comprises:

Determining a sample number difference (A7; A, A, [F

indicating a difference between a number of samples of
one of the one or more available pitch cycles and a
number of samples of a first pitch cycle to be recon-
structed, and

Reconstructing the reconstructed frame by reconstructing,

depending on the sample number difference (A,”; A;
A, ) and depending on the samples of said one of the
one or more available pitch cycles, the first pitch cycle
to be reconstructed as a first reconstructed pitch cycle.

Reconstructing the reconstructed frame i1s conducted,
such that the reconstructed frame completely or partially
comprises the first reconstructed pitch cycle, such that the
reconstructed frame completely or partially comprises a
second reconstructed pitch cycle, and such that the number
of samples of the first reconstructed pitch cycle differs from
a number of samples of the second reconstructed pitch cycle.

Furthermore, a computer program for implementing the
above-described method when being executed on a com-
puter or signal processor 1s provided.

Moreover, a system for reconstructing a frame comprising,
a speech signal 1s provided. The system comprises an
apparatus for determining an estimated pitch lag according
to one of the above-described or below-described embodi-
ments, and an apparatus for reconstructing the Irame,
wherein the apparatus for reconstructing the frame 1s con-
figured to reconstruct the frame depending on the estimated
pitch lag. The estimated pitch lag 1s a pitch lag of the speech
signal.

In an embodiment, the reconstructed frame may, e.g., be
assoclated with one or more available frames, said one or
more available frames being at least one of one or more
preceding frames ol the reconstructed frame and one or
more succeeding frames of the reconstructed frame, wherein
the one or more available frames comprise one or more pitch
cycles as one or more available pitch cycles. The apparatus
for reconstructing the frame may, e.g., be an apparatus for
reconstructing a frame according to one of the above-
described or below-described embodiments.
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The present invention 1s based on the finding that con-
ventional technology has significant drawbacks. Both G.718
(see (5.718: Frame error robust narrow-band and wideband

embedded variable bit-rate coding of speech and audio from
8-32 kbit/s, Recommendation ITU-T G.718, Telecommuni-
cation Standardization Sector of ITU, June 2008) and
(5.729.1 (see G.722 Appendix III: A high-complexity algo-
rithm for packet loss concealment for G.722, ITU-T Rec-
ommendation, ITU-T, November 2006) use pitch extrapo-
lation 1n case of a frame loss. This 1s useful because 1n case
of a frame loss, also the pitch lags are lost. According to
(G.718 and G.729.1, the pitch 1s extrapolated by taking the
pitch evolution during the last two frames into account.
However, the pitch lag being reconstructed by (G.718 and
(G.729.1 1s not very accurate and, e.g., often results 1n a
reconstructed pitch lag that differs significantly from the real
pitch lag.

Embodiments of the present invention provide a more
accurate pitch lag reconstruction. For this purpose, 1n con-
trast to (3.718 and (.729.1, some embodiments take infor-
mation on the reliability of the pitch information into
account.

According to conventional technology, the pitch informa-
tion on which the extrapolation 1s based comprises the last
eight correctly received pitch lags, for which the coding
mode was different from UNVOICED. However, 1n con-
ventional technology, the voicing characteristic might be
quite weak, indicated by a low pitch gain (which corre-
sponds to a low prediction gain). In conventional technol-
ogy, 1n case the extrapolation i1s based on pitch lags which
have different pitch gains, the extrapolation will not be able
to output reasonable results or even fail at all and waill fall
back to a simple pitch lag repetition approach.

Embodiments are based on the finding that the reason for
these shortcomings of conventional technology are that on
the encoder side, the pitch lag 1s chosen with respect to
maximize the pitch gain in order to maximize the coding
gain of the adaptive codebook, but that, in case the speech
characteristic 1s weak, the pitch lag might not indicate the
fundamental frequency precisely, since the noise in the
speech signal causes the pitch lag estimation to become
1mprecise.

Therefore, during concealment, according to embodi-
ments, the application of the pitch lag extrapolation 1s
weighted depending on the reliability of the previously
received lags used for this extrapolation.

According to some embodiments, the past adaptive code-
book gains (pitch gains) may be employed as a reliability
measure.

According to some further embodiments of the present
invention, weighting according to how far in the past, the
pitch lags were received, 1s used as a reliability measure. For
example, high weights are put to more recent lags and less
weilghts are put to lags being received longer ago.

According to embodiments, weighted pitch prediction
concepts are provided. In contrast to conventional technol-
ogy, the provided pitch prediction of embodiments of the
present invention uses a reliability measure for each of the
pitch lags 1t 1s based on, making the prediction result much
more valid and stable. Particularly, the pitch gain can be
used as an indicator for the reliability. Alternatively or
additionally, according to some embodiments, the time that
has been passed aiter the correct reception of the pitch lag
may, for example, be used as an indicator.

Regarding pulse resynchronization, the present invention
1s based on the finding that one of the shortcomings of
conventional technology regarding the glottal pulse resyn-
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chronization 1s, that the pitch extrapolation does not take
into account, how many pulses (pitch cycles) should be
constructed in the concealed frame.

According to conventional technology, the pitch extrapo-
lation 1s conducted such that changes 1n the pitch are only
expected at the borders of the subirames.

According to embodiments, when conducting glottal
pulse resynchronization, pitch changes which are different
from continuous pitch changes can be taken into account.

Embodiments of the present invention are based on the
finding that G.718 and (G.729.1 have the following draw-

backs.

At first, 1n conventional technology, when calculating d,
it 1s assumed that there 1s an mteger number of pitch cycles
within the frame. Since d defines the location of the last
pulse 1n the concealed frame, the position of the last pulse
will not be correct, when there 1s a non-integer number of the
pitch cycles within the frame. This 1s depicted 1n FIG. 6 and
FIG. 7. FIG. 6 illustrates a speech signal before a removal
of samples. FIG. 7 illustrates the speech signal after the
removal of samples. Furthermore, the algorithm employed
by conventional technology for the calculation of d 1s
inefhicient.

Moreover, the calculation of conventional technology
uses the number of pulses N 1n the constructed periodic part
of the excitation. This adds not needed computational com-
plexity.

Furthermore, 1n conventional technology, the calculation
of the number of pulses N 1n the constructed periodic part of
the excitation does not take the location of the first pulse mnto
account.

The signals presented 1n FIG. 4 and FIG. 5 have the same
pitch period of length T ..

FIG. 4 illustrates a speech signal having three pulses
within a frame.

In contrast, FIG. 5 1llustrates a speech signal which only
has two pulses within a frame.

These examples illustrated by FIGS. 4 and 5 show that the
number of pulses 1s dependent on the first pulse position.

Moreover, according to conventional technology, it 1s
checked, if T [N-1], the location of the N? pulse in the
constructed periodic part of the excitation i1s within the
frame length, even though N is defined to include the first
pulse 1n the following frame.

Furthermore, according to conventional technology, no
samples are added or removed before the first and after the
last pulse. Embodiments of the present invention are based
on the finding that this leads to the drawback that there could
be a sudden change in the length of the first full pitch cycle,
and moreover, this furthermore leads to the drawback that
the length of the pitch cycle after the last pulse could be
greater than the length of the last tull pitch cycle before the
last pulse, even when the pitch lag 1s decreasing (see FIGS.
6 and 7).

Embodiments are based on the finding that the pulses
T[k]=P-dif T and T[n]=P-d are not equal when:

In this case dif =1 _-d and the number of removed
samples will be dif 1 1nstead of d.

T[K] 1s 1n the future frame and 1t 1s moved to the current
frame only after removing d samples.
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T[n] 1s moved to the future frame after adding —d samples
(d<0).

This will lead to wrong position of pulses 1n the concealed
frame.

Moreover, embodiments are based on the finding that in
conventional technology, the maximum value of d 1s limited
to the minimum allowed value for the coded pitch lag. This
1s a constraint that limits the occurrences of other problems,
but 1t also limits the possible change 1n the pitch and thus
limits the pulse resynchronization.

Furthermore, embodiments are based on the finding that
in conventional technology, the periodic part 1s constructed
using integer pitch lag, and that this creates a frequency shift
of the harmonics and significant degradation 1n concealment
ol tonal signals with a constant pitch. This degradation can
be seen 1n FIG. 8, wherein FIG. 8 depicts a time-frequency
representation of a speech signal being resynchronized when
using a rounded pitch lag.

Embodiments are moreover based on the finding that most
of the problems of conventional technology occur 1n situa-
tions as 1llustrated by the examples depicted 1n FIGS. 6 and
7, where d samples are removed. Here 1t 1s considered that
there 1s no constraint on the maximum value for d, 1n order
to make the problem easily visible. The problem also occurs
when there 1s a limit for d, but 1s not so obviously visible.
Instead of continuously increasing the pitch, one would get
a sudden increase followed by a sudden decrease of the
pitch. Embodiments are based on the finding that this
happens, because no samples are removed before and after
the last pulse, indirectly also caused by not taking into
account that the pulse T[2] moves within the frame after the
removal of d samples. The wrong calculation of N also
happens 1n this example.

According to embodiments, improved pulse resynchroni-
zation concepts are provided. Embodiments provide
improved concealment of monophonic signals, including
speech, which 1s advantageous compared to the existing
techniques described in the standards (G.718 (see Frame
error robust narrow-band and wideband embedded variable
bit-rate coding of speech and audio from 8-32 kbait/s, Rec-
ommendation [TU-T G.718, Telecommunication Standard-
ization Sector of ITU, June 2008) and (G.729.1 (see G.722
Appendix III: A high-complexity algorithm for packet loss
concealment for G.722, I'TU-T Recommendation, ITU-T,

November 2006). The provided embodiments are suitable
for signals with a constant pitch, as well as for signals with
a changing pitch.

Inter alia, according to embodiments, three techniques are
provided.

According to a first technique provided by an embodi-
ment, a search concept for the pulses 1s provided that, in
contrast to G.718 and G.729.1, takes into account the
location of the first pulse 1n the calculation of the number of
pulses 1n the constructed periodic part, denoted as N.

According to a second technique provided by another
embodiment, an algorithm for searching for pulses 1s pro-
vided that, in contrast to (3.718 and (.729.1, does not need
the number of pulses 1 the constructed periodic part,
denoted as N, that takes the location of the first pulse into
account, and that directly calculates the last pulse index 1n
the concealed frame, denoted as k.

According to a third technique provided by a further
embodiment, a pulse search 1s not needed. According to this
third technique, a construction of the periodic part 1s com-
bined with the removal or addition of the samples, thus
achieving less complexity than previous techniques.
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Additionally or alternatively, some embodiments provide
the following changes for the above techniques as well as for

the techniques of G.718 and G.729.1:

The fractional part of the pitch lag may, e.g., be used for
constructing the periodic part for signals with a con-
stant pitch.

The oilset to the expected location of the last pulse 1n the
concealed frame may, e.g., be calculated for a non-
integer number of pitch cycles within the frame.

Samples may, e.g., be added or removed also before the
first pulse and after the last pulse.

Samples may, e.g., also be added or removed 11 there 1s
just one pulse.

The number of samples to be removed or added may e.g.
change linearly, following the predicted linear change
in the pitch.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will be detailed
subsequently referring to the appended drawings, 1n which:

FIG. 1 illustrates an apparatus for determining an esti-
mated pitch lag according to an embodiment,

FIG. 2a 1llustrates an apparatus for reconstructing a frame
comprising a speech signal as a reconstructed frame accord-
ing to an embodiment,

FIG. 26 illustrates a speech signal comprising a plurality
ol pulses,

FIG. 2c¢ 1llustrates a system for reconstructing a frame
comprising a speech signal according to an embodiment,

FIG. 3 1illustrates a constructed periodic part of a speech
signal,

FIG. 4 illustrates a speech signal having three pulses
within a frame,

FIG. 5 illustrates a speech signal having two pulses within
a frame,

FIG. 6 illustrates a speech signal before a removal of
samples,

FIG. 7 illustrates the speech signal of FIG. 6 after the
removal ol samples,

FIG. 8 illustrates a time-frequency representation of a
speech signal being resynchromized using a rounded pitch
lag,

FIG. 9 illustrates a time-frequency representation of a
speech signal being resynchronized using a non-rounded
pitch lag with the fractional part,

FIG. 10 illustrates a pitch lag diagram, wherein the pitch
lag 1s reconstructed employing state of the art concepts,

FIG. 11 1illustrates a pitch lag diagram, wherein the pitch
lag 1s reconstructed according to embodiments,

FIG. 12 1illustrates a speech signal before removing
samples, and

FIG. 13 1llustrates the speech signal of FIG. 12, addition-
ally illustrating AO to A3.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

FIG. 1 illustrates an apparatus for determining an esti-
mated pitch lag according to an embodiment. The apparatus
comprises an input mterface 110 for recerving a plurality of
original pitch lag values, and a pitch lag estimator 120 for
estimating the estimated pitch lag. The pitch lag estimator
120 1s configured to estimate the estimated pitch lag depend-
ing on a plurality of original pitch lag values and depending
on a plurality of information values, wherein for each
original pitch lag value of the plurality of original pitch lag
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values, an information value of the plurality of information
values 1s assigned to said original pitch lag value.

According to an embodiment, the pitch lag estimator 120
may, ¢.g2., be configured to estimate the estimated pitch lag
depending on the plurality of original pitch lag values and
depending on a plurality of pitch gain values as the plurality
of information values, wherein for each original pitch lag
value of the plurality of original pitch lag values, a pitch gain
value of the plurality of pitch gain values 1s assigned to said
original pitch lag value.

In a particular embodiment, each of the plurality of pitch
gain values may, e.g., be an adaptive codebook gain.

In an embodiment, the pitch lag estimator 120 may, e.g.,
be configured to estimate the estimated pitch lag by mini-
mizing an error function.

According to an embodiment, the pitch lag estimator 120
may, e.g., be configured to estimate the estimated pitch lag
by determining two parameters a, b, by mimimizing the error

function

k
err = Z go(D)-((a+b-i) = P(i)°,
1=0

wherein a 1s a real number, wherein b 1s a real number,
wherein k 1s an integer with k=2, and wherein P(1) 1s the 1-th
original pitch lag value, wherein g (1) 1s the 1-th pitch gain
value being assigned to the 1-th pitch lag value P(1).

In an embodiment, the pitch lag estimator 120 may, e.g.,
be configured to estimate the estimated pitch lag by deter-
mimng two parameters a, b, by minimizing the error func-
tion

4
err = Z g,(D)-((a+b-i) - P(D)),
=0

wherein a 1s a real number, wherein b 1s a real number,
wherein P(1) 1s the 1-th original pitch lag value, wherein g (1)
1s the 1-th pitch gain value being assigned to the 1-th pitch lag
value P(1).

According to an embodiment, the pitch lag estimator 120
may, €.g., be configured to determine the estimated pitch lag
p according to p=a-1+b.

In an embodiment, the pitch lag estimator 120 may, e.g.,
be configured to estimate the estimated pitch lag depending,
on the plurality of original pitch lag values and depending on
a plurality of time values as the plurality of information
values, wherein for each original pitch lag value of the
plurality of original pitch lag values, a time value of the
plurality of time values 1s assigned to said original pitch lag
value.

According to an embodiment, the pitch lag estimator 120
may, ¢.g., be configured to estimate the estimated pitch lag
by minimizing an error function.

In an embodiment, the pitch lag estimator 120 may, e.g.,
be configured to estimate the estimated pitch lag by deter-
mimng two parameters a, b, by minimizing the error func-
tion

k
err =) timepgssea(i)- ((a + b- i) = P(0)),
=0
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wherein a 1s a real number, wherein b 1s a real number,
wherein k 1s an integer with 2, and wherein P(1) 1s the 1-th
original pitch lag value, wherein time, (1) 1s 1 the 1-th
time value being assigned to the i1-th pitch lag value P(1).

According to an embodiment, the pitch lag estimator 120
may, e.g., be configured to estimate the estimated pitch lag
by determining two parameters a, b, by minimizing the error
function

k

err = ) timepussea()- (@ +b-1) = P(D))’,
1=0

wherein a 1s a real number, wherein b 1s a real number,
wherein P(1) 1s the 1-th original pitch lag value, wherein
time, .. (1) 1s the 1-th time value being assigned to the 1-th
pitch lag value P(1).

In an embodiment, the pitch lag estimator 120 1s config-
ured to determine the estimated pitch lag p according to
p=a-1+b.

In the following, embodiments providing weighted pitch
prediction are described with respect to formulae (20)-(24b).

At first, weighted pitch prediction embodiments employ-
ing weighting according to the pitch gain are described with
reference to formulae (20)-(22¢). According to some of these
embodiments, to overcome the drawback of conventional
technology, the pitch lags are weighted with the pitch gain
to perform the pitch prediction.

In some embodiments, the pitch gain may be the adaptive-
codebook gain g as defined in the standard G.729 (see
(G.719: Low-complexity, full-band audio coding for high-
quality, conversational applications, Recommendation
ITU-T G.719, 1elecommunication Standardization Sector of

[TU, June 2008, 1n particular chapter 3.7.3, more particu-
larly formula (43)). In G.729, the adaptive-codebook gain 1s
determined according to:

39

> xmy(n)

n=()

gp = bounded by O = g, = 1.2

39
% y(my()

There, x(n) 1s the target signal and y(n) 1s obtained by
convolving v(n) with h(n) according to:

y(n) = Zv(ijh(n— HDn=0,..,30
=1

wherein v(n) 1s the adaptive-codebook vector, wherein y(n)
the filtered adaptive-codebook vector, and wherein h(n-1) 1s
an impulse response of a weighted synthesis filter, as defined
in G.729 (see G.719: Low-complexity, full-band audio cod-
ing for high-quality, conversational applications, Recom-
mendation [TU-T G.719, Telecommunication Standardiza-
tion Sector of ITU, June 2008).

Similarly, in some embodiments, the pitch gain may be
the adaptive-codebook gain g as defined in the standard
G.718 (see (3.718: Frame error robust narrow-band and
wideband embedded varniable bit-rate coding of speech and
audio from 8-32 kbit/s, Recommendation ITU-T G.718,

lelecommunication Standardization Sector of ITU, June
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2008, 1n particular chapter 6.8.4.1.4.1, more particularly
formula (170)). In G.718, the adaptive-codebook gain 1is
determined according to:

63

> xmyi ()

n=>0

63
;;; Vi ()yi (1)

Cer, =

wherein x(n) 1s the target signal and y,(n) 1s the past filtered
excitation at delay k.

For example, see (G.718: Frame error robust narrow-band
and wideband embedded variable bit-rate coding of speech
and audio from 8-32 kbit/s, Recommendation ITU-T G.718,
lelecommunication Standardization Sector of ITU, June
2008, chapter 6.8.4.1.4.1, formula (171), for a definition,
how y,(n) could be defined.

Similarly, 1n some embodiments, the pitch gain may be
the adaptive-codebook gain g as defined in the AMR
standard (see Speech codec speech processing functions;
adaptive multi-rate-wideband (AMRWB) speech codec;
error concealment of erroneous or lost frames, 3GPP TS

26.191, 3rd Generation Partnership Project, September
2012), wherein the adaptive-codebook gain g, as the pitch
gain 1s defined according to:

63

> x(myn)

n=>0

63
X ¥y

gp = bounded by 0= g, < 1.2

wherein y(n) 1s a filtered adaptive codebook vector.

In some particular embodiments, the pitch lags may, e.g.,
be weighted with the pitch gain, for example, prior to
performing the pitch prediction.

For this purpose, according to an embodiment, a second
bufler of length 8 may, for example, be introduced holding
the pitch gains, which are taken at the same subirames as the
pitch lags. In an embodiment, the bufler may, e.g., be
updated using the exact same rules as the update of the pitch
lags. One possible realization 1s to update both buflers
(holding pitch lags and pitch gains of the last eight sub-
frames) at the end of each frame, regardless whether this
frame was error iree or error prone.

There are two different prediction strategies known from
conventional technology, which can be enhanced to use
weilghted pitch prediction.

Some embodiments provide significant inventive
improvements of the prediction strategy of the G.718 stan-
dard. In G.718, 1n case of a packet loss, the bullers may be
multiplied with each other element wise, 1n order to weight
the pitch lag with a high factor if the associated pitch gain
1s high, and to weight 1t with a low factor 1f the associated
pitch gain 1s low. After that, according to G.718, the pitch
prediction 1s performed like usual (see G.718: Frame error
robust narrow-band and wideband embedded variable bit-
rate coding of speech and audio from 8-32 kbit/s, Recom-
mendation ITU-T G.718, Telecommunication Standardiza-
tion Sector of ITU, June 2008, section 7.11.1.3] for details on
G.718).

Some embodiments provide significant inventive
improvements of the prediction strategy of the G.729.1
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standard. The algorithm used 1n G.729.1 to predict the pitch
(see (5.722 Appendix III: A high-complexity algorithm for

packet loss concealment for G.722, ITU-T Recommendation,
[TU-T, November 2006, for details on (.729.1) 1s modified
according to embodiments 1n order to use weighted predic-
tion.

According to some embodiments, the goal 1s to minimize
the error function:

4 (20)
err =) gpli)-((a+b-i)— P(i))
1=0

wherein g (1) i1s holding the pitch gains from the past
subirames and P(1) 1s holding the corresponding pitch lags.

In the inventive formula (20), g (1) 1s representing the
weighting factor. In the above example, each g (1) 1s repre-
senting a pitch gain from one of the past subirames.

Below, equations according to embodiments are provided,
which describe how to derive the factors a and b, which
could be used to predict the pitch lag according to: a+i-b,
where 1 1s the subframe number of the subirame to be
predicted.

For example, to obtain the first predicted subirame based
the prediction on the last five subframes P(0), . . ., P(4), the
predicted pitch value P(5) would be:

P(5)=a+5b.

In order to derive the coeflicients a and b, the error
function may, for example, be derived (derivated) and may
be set to zero:

oerr
=0 and — =10

0D

oerr

o

(21a)

Conventional technology that does not disclose to employ
the mventive weighting provided by embodiments. In par-
ticular, conventional technology does not employ the
weighting factor g (1).

Thus, 1n conventional technology, which does not employ
a weighting factor g (1), deriving the error tunction and
setting the derivative of the error function to 0 would result
to:

4

324: P(.f)—z i P(i)
_ =0

4 4 (21b)
PP =2 E ' P()

i=0) i=0 1=0

3 and b = T

e

(see (5.722 Appendix III: A high-complexity algorithm for
packet loss concealment for G.722, ITU-T Recommendation,
ITU-T, November 2006, 7.6.3]).

In contrast, when using the weighted prediction approach
of the provided embodiments, e.g., the weighted prediction
approach of formula (20) with weighting factor g (1), a and
b result to:

A+B+C+D+ E (22a)
‘=7 K

F+G+H+I1+J (22b)
b=+ e
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According to a particular embodiment, A, B, C, D; E, F,
G, H, I, ], and K may, ¢.g., have the following values:

A=(3g,,+48,,+38, )&y, P(4)

B=((28,,%28, )8~ 48 &py) P (3)
CH(=88,)8y =38, 8p1t8p 8y (2)
D=(-12g, 18ps~08p 1gp3_2gplgﬁ2)'P (1)

E=(-1 08p08p4™ ggPOgPS_q'gPUgPE_gPOgFI) £(0)
F=(8,,+28,,,+38,+48,)8p, F(H)
G=((8py+28p +38p0)8p38p38py) P (3)
H=(~28,,814= 808 H(8p +280)8p) P(2)
I=(=32, 81=285 80,858y 8py8p ) £ (1)

T (=48 508 py = 38p08p3 =28 p08py~8po8p1 ) F(0)

K+(2,, 448,492, +108,,)8,, (8, 48, +98, €
(8p1+48p0)2p2*po3p)

FIG. 10 and FIG. 11 show the superior performance of the
proposed pitch extrapolation.

There, FIG. 10 illustrates a pitch lag diagram, wherein the
pitch lag 1s reconstructed employing state of the art con-
cepts. In contrast, FIG. 11 illustrates a pitch lag diagram,
wherein the pitch lag is reconstructed according to embodi-
ments.

In particular, FIG. 10 illustrates the performance of con-
ventional technology standards G.718 and (G.729.1, while
FIG. 11 illustrates the performance of a provided concept
provided by an embodiment.

The abscissa axis denotes the subirame number. The
continuous line 1010 shows the encoder pitch lag which 1s

(22¢)

embedded in the bitstream, and which 1s lost 1n the area of

the grey segment 1030. The leit ordinate axis represents a
pitch lag axis. The right ordinate axis represents a pitch gain
axis. The continuous line 1010 illustrates the pitch lag, while
the dashed lines 1021, 1022, 1023 illustrate the pitch gain.

The grey rectangle 1030 denotes the frame loss. Because
of the frame loss that occurred in the area of the grey
segment 1030, information on the pitch lag and pitch gain 1n
this area 1s not available at the decoder side and has to be
reconstructed.

In FIG. 10, the pitch lag being concealed using the G.718
standard 1s 1llustrated by the dashed-dotted line portion
1011. The pitch lag being concealed using the G.729.1
standard 1s 1llustrated by the continuous line portion 1012. It
can be clearly seen, that using the provided pitch prediction
(FIG. 11, continuous line portion 1013) corresponds essen-
tially to the lost encoder pitch lag and 1s thus advantageous
over the G.718 and (G.729.1 techniques.

In the following, embodiments employing weighting
depending on passed time are described with reference to
formulae (23a)-(24b).

To overcome the drawbacks of conventional technology,
some embodiments apply a time weighting on the pitch lags,
prior to performing the pitch prediction. Applying a time
welghting can be achieved by minimizing this error func-
tion:
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4 (23a)
err = Z [iMepassed(D) - ((a + b -1) — P(i))*
=0

where time,, . (1) 1s representing the inverse ot the amount
of time that has passed after correctly receiving the pitch lag
and P(1) 1s holding the corresponding pitch lags.

Some embodiments may, e.g., put high weights to more
recent lags and less weight to lags being recerved longer ago.

According to some embodiments, formula (21a) may then
be employed to dertve a and b.

To obtain the first predicted subirame, some embodiments
may, e.g., conduct the prediction based on the last five
subirames, P(0) . . . P(4). For example, the predicted pitch

value P(5) may then be obtained according to
P(S5)=a+5-b (23b)
For example, i
time,, et [V5 Ya Y3 V2 1]

(time weighting according to subirame delay), this would
result to:

~3.5833- P(4) + 1.4167- P(3) + 3.0833- (24a)
P(2) +3.9167- P(1) + 4.4167- P(0)
4= 0.2500
+2.7167- P(4) +0.2167- P(3) — 0.6167- (24b)

P(2) —1.0333- P(1) — 1.2833- P(0)

b =
0.2500

In the following, embodiments providing pulse resyn-
chronization are described.

FIG. 2a 1llustrates an apparatus for reconstructing a frame
comprising a speech signal as a reconstructed frame accord-
ing to an embodiment. Said reconstructed frame 1s associ-
ated with one or more available frames, said one or more
available frames being at least one of one or more preceding
frames of the reconstructed frame and one or more succeed-
ing frames of the reconstructed frame, wherein the one or
more available frames comprise one or more pitch cycles as
one or more available pitch cycles.

The apparatus comprises a determination unit 210 for
determining a sample number difference (A/7; A’; A, F)
indicating a difference between a number of samples of one
of the one or more available pitch cycles and a number of
samples of a first pitch cycle to be reconstructed.

Moreover, the apparatus comprises a frame reconstructor
for reconstructing the reconstructed frame by reconstructing,
depending on the sample number difference (A 7; A*; A, F
and depending on the samples of said one of the one or more
available pitch cycles, the first pitch cycle to be recon-
structed as a first reconstructed pitch cycle.

The frame reconstructor 220 1s configured to reconstruct
the reconstructed frame, such that the reconstructed {frame
completely or partially comprises the first reconstructed
pitch cycle, such that the reconstructed frame completely or
partially comprises a second reconstructed pitch cycle, and
such that the number of samples of the first reconstructed
pitch cycle differs from a number of samples of the second
reconstructed pitch cycle.

Reconstructing a pitch cycle 1s conducted by reconstruct-
ing some or all of the samples of the pitch cycle that shall
be reconstructed. If the pitch cycle to be reconstructed 1s
completely comprised by a frame that 1s lost, then all of the
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samples of the pitch cycle may, e.g., have to be recon-
structed. If the pitch cycle to be reconstructed 1s only
partially comprised by the frame that 1s lost, and 1f some the
samples of the pitch cycle are available, e.g., as they are
comprised another frame, than 1t may, e.g., be suflicient to
only reconstruct the samples of the pitch cycle that are
comprised by the frame that 1s lost to reconstruct the pitch

cycle.

FIG. 2b6 1llustrates the functionality of the apparatus of
FIG. 2a. In particular, FI1G. 25 illustrates a speech signal 222
comprising the pulses 211, 212, 213, 214, 215, 216, 217.

A first portion of the speech signal 222 1s comprised by a
frame n—1. A second portion of the speech signal 222 is
comprised by a frame n. A third portion of the speech signal
222 1s comprised by a frame n+1.

In FIG. 2b, frame n-1 1s preceding frame n and frame n+1
1s succeeding frame n. This means, frame n—-1 comprises a
portion of the speech signal that occurred earlier 1n time
compared to the portion of the speech signal of frame n; and
frame n+1 comprises a portion of the speech signal that
occurred later 1in time compared to the portion of the speech
signal of frame n.

In the example of FIG. 25 1t 1s assumed that frame n got
lost or 1s corrupted and thus, only the frames preceding
frame n (“preceding frames™) and the frames succeeding
frame (“succeeding Irames”) are available (*available
frames™).

A pitch cycle, may, for example, be defined as follows. A
pitch cycle starts with one of the pulses 211, 212, 213, etc.,
and ends with the immediately succeeding pulse in the
speech signal. For example, pulse 211 and 212 define the
pitch cycle 201. Pulse 212 and 213 define the pitch cycle
202. Pulse 213 and 214 define the pitch cycle 203, etc.

Other definitions of the pitch cycle, well known to a
person skilled 1n the art, which employ, for example, other
start and end points of the pitch cycle, may alternatively be
considered.

In the example of FIG. 2b, frame n 1s not available at a
receiver or 1s corrupted. Thus, the receiver 1s aware of the
pulses 211 and 212 and of the pitch cycle 201 of frame n-1.
Moreover, the receiver 1s aware of the pulses 216 and 217
and of the pitch cycle 206 of frame n+1. However, frame n
which comprises the pulses 213, 214 and 215, which com-
pletely comprises the pitch cycles 203 and 204 and which
partially comprises the pitch cycles 202 and 205, has to be
reconstructed.

According to some embodiments, frame n may be recon-
structed depending on the samples of at least one pitch cycle
(“available pitch cycles”) of the available frames (e.g.,
preceding Iframe n-1 or succeeding Iframe n+l). For
example, the samples of the pitch cycle 201 of frame n-1
may, e.g., cyclically repeatedly copied to reconstruct the
samples of the lost or corrupted frame. By cyclically repeat-
edly copying the samples of the pitch cycle, the pitch cycle
itself 1s copied, e.g., if the pitch cycle 1s ¢, then

sample(x+i-c)=sample(x); with i being an integer.

In embodiments, samples from the end of the frame n-1
are copied. The length of the portion of the n—1% frame that
1s copied 1s equal to the length of the pitch cycle 201 (or
almost equal). But the samples from both 201 and 202 are
used for copying. This may be especially carefully consid-
ered when there is just one pulse in the n—-1% frame.

In some embodiments, the copied samples are modified.

The present invention 1s moreover based on the finding
that by cyclically repeatedly copying the samples of a pitch
cycle, the pulses 213, 214, 215 of the lost frame n move to
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wrong positions, when the size of the pitch cycles that are
(completely or partially) comprised by the lost frame (n)
(pitch cycles 202, 203, 204 and 205) differs from the size of
the copied available pitch cycle (here: pitch cycle 201).

E.g., in FIG. 25, the diflerence between pitch cycle 201
and pitch cycle 202 i1s indicated by Al, the difference
between pitch cycle 201 and pitch cycle 203 1s indicated by
A2, the difference between pitch cycle 201 and pitch cycle
204 1s indicated by A3, and the difference between pitch
cycle 201 and pitch cycle 2035 1s indicated by M.

In FIG. 2b, it can be seen that pitch cycle 201 of frame
n-1 1s significantly greater than pitch cycle 206. Moreover,
the pitch cycles 202, 203, 204 and 205, being comprised by
frame n and, are each smaller than pitch cycle 201 and
greater than pitch cycle 206. Furthermore, the pitch cycles
being closer to the large pitch cycle 201 (e.g., pitch cycle
202) are larger than the pitch cycles (e.g., pitch cycle 205)
being closer to the small pitch cycle 206.

Based on these findings of the present invention, accord-
ing to embodiments, the frame reconstructor 220 1s config-
ured to reconstruct the reconstructed frame such that the
number ol samples of the first reconstructed pitch cycle
differs from a number of samples of a second reconstructed
pitch cycle being partially or completely comprised by the
reconstructed frame.

E.g., according to some embodiments, the reconstruction
of the frame depends on a sample number difference 1ndi-
cating a difference between a number of samples of one of
the one or more available pitch cycles (e.g., pitch cycle 201)
and a number of samples of a first pitch cycle (e.g., pitch
cycle 202, 203, 204, 205) that shall be reconstructed.

For example, according to an embodiment, the samples of
pitch cycle 201 may, e.g., be cyclically repeatedly copied.

Then, the sample number diflerence indicates how many
samples shall be deleted from the cyclically repeated copy
corresponding to the first pitch cycle to be reconstructed, or
how many samples shall be added to the cyclically repeated
copy corresponding to the first pitch cycle to be recon-
structed.

In FIG. 2b, each sample number indicates how many
samples shall be deleted from the cyclically repeated copy.
However, 1n other examples, the sample number may 1ndi-
cate how many samples shall be added to the cyclically
repeated copy. For example, in some embodiments, samples
may be added by adding samples with amplitude zero to the
corresponding pitch cycle. In other embodiments, samples
may be added to the pitch cycle by coping other samples of
the pitch cycle, e.g., by copying samples being neighboured
to the positions of the samples to be added.

While above, embodiments have been described where
samples of a pitch cycle of a frame preceding the lost or
corrupted frame have been cyclically repeatedly copied, n
other embodiments, samples of a pitch cycle of a frame
succeeding the lost or corrupted frame are cyclically repeat-
edly copied to reconstruct the lost frame. The same prin-
ciples described above and below apply analogously.

Such a sample number difference may be determined for
cach pitch cycle to be reconstructed. Then, the sample
number difference of each pitch cycle indicates how many
samples shall be deleted from the cyclically repeated copy
corresponding to the corresponding pitch cycle to be recon-
structed, or how many samples shall be added to the
cyclically repeated copy corresponding to the corresponding
pitch cycle to be reconstructed.

According to an embodiment, the determination unit 210
may, e.g., be configured to determine a sample number
difference for each of a plurality of pitch cycles to be
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reconstructed, such that the sample number diflerence of
cach of the pitch cycles indicates a difference between the
number of samples of said one of the one or more available
pitch cycles and a number of samples of said pitch cycle to
be reconstructed. The frame reconstructor 220 may, e.g., be
configured to reconstruct each pitch cycle of the plurality of
pitch cycles to be reconstructed depending on the sample
number difference of said pitch cycle to be reconstructed and
depending on the samples of said one of the one or more

available pitch cycles, to reconstruct the reconstructed
frame.

In an embodiment, the frame reconstructor 220 may, e.g.,
be configured to generate an intermediate frame depending,
on said one of the of the one or more available pitch cycles.
The frame reconstructor 220 may, e.g., be configured to
modily the intermediate frame to obtain the reconstructed
frame.

According to an embodiment, the determination unit 210
may, €.g., be configured to determine a frame difference
value (d; s) indicating how many samples are to be removed
from the mtermediate frame or how many samples are to be
added to the intermediate frame. Moreover, the {frame recon-
structor 220 may, e.g., be configured to remove first samples
from the intermediate frame to obtain the reconstructed
frame, when the frame difference value indicates that the
first samples shall be removed from the frame. Furthermore,
the frame reconstructor 220 may, e.g., be configured to add
second samples to the intermediate frame to obtain the
reconstructed frame, when the frame diflerence value (d; s)
indicates that the second samples shall be added to the
frame.

In an embodiment, the frame reconstructor 220 may, e.g.,
be configured to remove the first samples from the interme-
diate frame when the frame difference value indicates that
the first samples shall be removed from the frame, so that the
number of first samples that are removed from the interme-
diate frame 1s indicated by the frame diflerence value.
Moreover, the frame reconstructor 220 may, e.g., be con-
figured to add the second samples to the intermediate frame
when the frame diflerence value indicates that the second
samples shall be added to the frame, so that the number of
second samples that are added to the imtermediate frame 1s
indicated by the frame difference value.

According to an embodiment, the determination unit 210
may, €.g., be configured to determine the frame difference
number s so that the formula:

"y

holds true, wherein L indicates a number of samples of the
reconstructed frame, wherein M indicates a number of
subframes of the reconstructed frame, wherein T, indicates
a rounded pitch period length of said one of the one or more
available pitch cycles, and wherein p[1] idicates a pitch
period length of a reconstructed pitch cycle of the 1-th
subirame of the reconstructed frame.

In an embodiment, the frame reconstructor 220 may, e.g.,
be adapted to generate an intermediate frame depending on
said one of the one or more available pitch cycles. Moreover,
the frame reconstructor 220 may, e.g., be adapted to generate
the intermediate frame so that the intermediate frame com-
prises a first partial intermediate pitch cycle, one or more
turther intermediate pitch cycles, and a second partial inter-
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mediate pitch cycle. Furthermore, the first partial interme-
diate pitch cycle may, e.g., depend on one or more of the
samples of said one of the one or more available pitch
cycles, wherein each of the one or more further intermediate
pitch cycles depends on all of the samples of said one of the
one or more available pitch cycles, and wherein the second
partial mtermediate pitch cycle depends on one or more of
the samples of said one of the one or more available pitch
cycles. Moreover, the determination unit 210 may, e.g., be
configured to determine a start portion difference number
indicating how many samples are to be removed or added
from the first partial intermediate pitch cycle, and wherein
the frame reconstructor 220 i1s configured to remove one or
more first samples from the first partial intermediate pitch
cycle, or 1s configured to add one or more first samples to the
first partial imntermediate pitch cycle depending on the start
portion difference number. Furthermore, the determination
unit 210 may, e.g., be configured to determine for each of the
further mtermediate pitch cycles a pitch cycle difference
number indicating how many samples are to be removed or
added from said one of the further intermediate pitch cycles.
Moreover, the frame reconstructor 220 may, e.g., be con-
figured to remove one or more second samples from said one
of the further intermediate pitch cycles, or 1s configured to
add one or more second samples to said one of the further
intermediate pitch cycles depending on said pitch cycle
difference number. Furthermore, the determination unit 210
may, €.g., be configured to determine an end portion differ-
ence number indicating how many samples are to be
removed or added from the second partial intermediate pitch
cycle, and wherein the frame reconstructor 220 1s configured
to remove one or more third samples from the second partial
intermediate pitch cycle, or 1s configured to add one or more
third samples to the second partial intermediate pitch cycle
depending on the end portion difference number.

According to an embodiment, the frame reconstructor 220
may, e.g., be configured to generate an intermediate frame
depending on said one of the of the one or more available
pitch cycles. Moreover, the determination unit 210 may, e.g.,
be adapted to determine one or more low energy signal
portions of the speech signal comprised by the intermediate
frame, wherein each of the one or more low energy signal
portions 1s a first signal portion of the speech signal within
the mtermediate frame, where the energy of the speech
signal 1s lower than 1n a second signal portion of the speech
signal comprised by the intermediate frame. Furthermore,
the frame reconstructor 220 may, e.g., be configured to
remove one or more samples from at least one of the one or
more low energy signal portions of the speech signal, or to
add one or more samples to at least one of the one or more
low energy signal portions of the speech signal, to obtain the
reconstructed frame.

In a particular embodiment, the frame reconstructor 220
may, €.g., be configured to generate the intermediate frame,
such that the intermediate frame comprises one or more
reconstructed pitch cycles, such that each of the one or more
reconstructed pitch cycles depends on said one of the of the
one or more available pitch cycles. Moreover, the determi-
nation unit 210 may, e.g., be configured to determine a
number of samples that shall be removed from each of the
one or more reconstructed pitch cycles. Furthermore, the
determination unit 210 may, e.g., be configured to determine
cach of the one or more low energy signal portions such that
for each of the one or more low energy signal portions a
number of samples of said low energy signal portion
depends on the number of samples that shall be removed
from one of the one or more reconstructed pitch cycles,
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wherein said low energy signal portion 1s located within said
one of the one or more reconstructed pitch cycles.

In an embodiment, the determination unit 210 may, e.g.,
be configured to determine a position of one or more pulses
of the speech signal of the frame to be reconstructed as
reconstructed frame. Moreover, the frame reconstructor 220
may, €.g., be configured to reconstruct the reconstructed
frame depending on the position of the one or more pulses
of the speech signal.

According to an embodiment, the determination unit 210
may, €.g2., be configured to determine a position of two or
more pulses of the speech signal of the frame to be recon-
structed as reconstructed frame, wherein T[0] 1s the position
of one of the two or more pulses of the speech signal of the
frame to be reconstructed as reconstructed frame, and
wherein the determination unit 210 1s configured to deter-
mine the position (T]1]) of further pulses of the two or more
pulses of the speech signal according to the formula:

T[i1=T[0]+iT.

wherein T, indicates a rounded length of said one of the one
or more available pitch cycles, and wherein 1 1s an integer.

According to an embodiment, the determination unit 210
may, e.g., be configured to determine an index k of the last
pulse of the speech signal of the frame to be reconstructed
as the reconstructed frame such that

wherein L indicates a number of samples of the recon-
structed frame, wherein s i1ndicates the frame difference
value, wherein T[0] indicates a position of a pulse of the
speech signal of the frame to be reconstructed as the
reconstructed frame, being different from the last pulse of
the speech signal, and wherein T, indicates a rounded length
of said one of the one or more available pitch cycles.

In an embodiment, the determination unit 210 may, e.g.,
be configured to reconstruct the frame to be reconstructed as
the reconstructed frame by determining a parameter o,
wherein 0 1s defined according to the formula:

wherein the frame to be reconstructed as the reconstructed
frame comprises M subframes, wherein I indicates the
length of said one of the one or more available pitch cycles,
and wherein T_ . T__, indicates a length of one of the pitch
cycles to be reconstructed of the frame to be reconstructed
as the reconstructed frame.

According to an embodiment, the determination unit 210
may, e.g., be configured to reconstruct the reconstructed
frame by determining a rounded length T, of said one of the

one or more available pitch cycles based on formula:

T,=|7,+0.5 |

wherein 1, indicates the length of said one of the one or
more available pitch cycles.

In an embodiment, the determination unit 210 may, e.g.,
be configured to reconstruct the reconstructed frame by
applying the formula:
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wherein T 1indicates the length of said one of the one or
more available pitch cycles, wherein T, indicates a rounded

length of said one of the one or more available pitch cycles,
wherein the frame to be reconstructed as the reconstructed
frame comprises M subirames, wherein the frame to be
reconstructed as the reconstructed frame comprises L
samples, and wherein 0 1s a real number indicating a
difference between a number of samples of said one of the
one or more available pitch cycles and a number of samples
of one of one or more pitch cycles to be reconstructed.

Now, embodiments are described in more detail.

In the following, a first group of pulse resynchronmization
embodiments 1s described with reference to formulae (25)-
(63).

In such embodiments, 1f there 1s no pitch change, the last
pitch lag 1s used without rounding, preserving the fractional
part. The periodic part 1s constructed using the non-integer
pitch and interpolation as for example 1n J. S. Marques, 1.

Trancoso, J. M. Tribolet, and L. B. Almeida, Improved pitch
prediction with fractional delays 1n celp coding, 1990 Inter-
national Conference on Acoustics, Speech, and Signal Pro-
cessing, 1990. ICASSP-90, 1990, pp. 665-668 vol. 2. This
will reduce the frequency shift of the harmonics, compared
to using the rounded pitch lag and thus significantly improve
concealment of tonal or voiced signals with constant pitch.

The advantage 1s 1llustrated by FIG. 8 and FIG. 9, where
the signal representing pitch pipe with frame losses 1s
concealed using respectively rounded and non-rounded frac-
tional pitch lag. There, FIG. 8 illustrates a time-frequency
representation of a speech signal being resynchronized using
a rounded pitch lag. In contrast, FIG. 9 illustrates a time-
frequency representation of a speech signal being resynchro-
nized using a non-rounded pitch lag with the fractional part.

There will be an increased computational complexity
when using the fractional part of the pitch. This should not
influence the worst case complexity as there 1s no need for
the glottal pulse resynchronization.

I1 there 1s no predicted pitch change then there 1s no need
for the processing explained below.

If a pitch change 1s predicted, the embodiments described
with reference to formulae (235)-(63) provide concepts for
determining d, being the difference, between the sum of the
total number of samples within pitch cycles with the con-
stant pitch (T ) and the sum of the total number of samples
within pitch cycles with the evolving pitch p[1].

In the following, T . 1s defined as i formula (13a):
T _=round (last_pitch).

According to embodiments, the difference, d may be
determined using a faster and more precise algorithm (fast
algorithm for determining d approach) as described in the
following.

Such an algorithm may, e.g., be based on the following
principles:

In each subirame 1: T _—p[1] samples for each pitch cycle

(of length T) should be removed (or p[1]-T_. added 11
T _—p[1]<0).
There are

&

IL._subir
1;

pitch cycles 1n each subirame.
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Thus, for each subirame

L._subir
1.

(Tc — pli)

samples should be removed.
According to some embodiments, no rounding 1s con-
ducted and a fractional pitch 1s used. Then:

pli1=T.+(+1)8.

Thus, for each subirame

L. subfr

i, —(i+1)8

C

samples should be removed 11 6<0 (or added 1T 6>0).
Thus,

(where M 1s the number of subirames in a frame).

According to some other embodiments, rounding 1s con-
ducted. For the integer pitch (M 1s the number of subframes
in a frame), d 1s defined as follows:

! H L._sub fr (25)

d = I‘::m1.111t{[ﬂ4"f1"lT — pli] T
i=0 y ©

According to an embodiment, an algorithm 1s provided
for calculating d accordingly:

ftimp = 0;
for (i=0;1 <M;i++) {
\ ftmp += p[i];

d = (short)floor((M*T__¢ — ftmp)*(float)L._ subir/ T__c +0.5);

In another embodiment, the last line of the algorithm 1s
replaced by:

d=(short)floor(L_frame—{tmp™*(float)L_subir/'7 c+
0.5);

According to embodiments the last pulse T[n] 1s found
according to:

n=i| 110+ T E{L_frame/\ 110)+(i+1) T =L _{frame (26)

According to an embodiment, a formula to calculate N 1s
employed. This formula 1s obtained from formula (26)
according to:

(27)

and the last pulse has then the mndex N-1.
According to this formula, N may be calculated for the

examples 1llustrated by FIG. 4 and FIG. 5.
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In the following, a concept without explicit search for the
last pulse, but taking pulse positions mto account, 1is
described. Such a concept that does not need N, the last
pulse index in the constructed periodic part.

Actual last pulse position in the constructed periodic part
of the excitation (T[k]) determines the number of the full
pitch cycles k, where samples are removed (or added).

FIG. 12 1llustrates a position of the last pulse T[2] before
removing d samples. Regarding the embodiments described
with respect to formulae (25)-(63), reference sign 1210
denotes d.

In the example of FIG. 12, the index of the last pulse k 1s
2 and there are two full pitch cycles from which the samples
should be removed.

After removing d samples from the signal of length
[._frame+d, there are no samples from the original signal
beyond L._frame+d samples. Thus T[k] 1s within L._{rame+d
samples and k 1s thus determined by

k=ilI1i]<Lpgmetd=ITi+1] (28)
From formula (17) and formula (28), 1t follows that
TTO1+KT <L 5 et d=< 101+ (k4 1), (29)
That 1s

Lframf +d— T[O] < Lﬁ’amf +d — T[O] (30)

T -l=k< T

From formula (30) it follows that
I = Lframe +Td - T[O] _1 (31)

In a codec that, e.g., uses frames of at least 20 ms and,
where the lowest fundamental frequency of speech 1s, e.g.,
at least 40 Hz, 1n most cases at least one pulse exists 1n the
concealed frame other than UNVOICED.

In the following, a case with at least two pulses (k=1) 1s
described with reference to formulae (32)-(46).

Assume that in each full i pitch cycle between pulses, i
samples shall be removed, wherein 1 1s defined as:

A=A+(i-1a, 1<isk, (32)

where a 1s an unknown variable that needs to be expressed
in terms of the known varnables.

Assume that A, samples shall be removed before the first
pulse, wheremn A, 1s defined as:

(0]
1.

ﬂg = (ﬁ — ﬂ) (33)

Assume that A, , samples shall be removed aiter the last
pulse, wherein A, , 1s defined as:

L+d—T[k] (34)

Arr1 = (A +ka)

C

The last two assumptions are 1n line with formula (32)
taking into account the length of the partial first and last
pitch cycles.
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Each of the A, values 1s a sample number difference.
Moreover, A, 1s a sample number difference. Furthermore,
A, , 1s a sample number difference.

FIG. 13 1llustrates the speech signal of FIG. 12, addition-
ally 1llustrating A, to A;. The number of samples to be
removed 1n each pitch cycle 1s schematically presented in
the example in FIG. 13, where k=2. Regarding the embodi-
ments described with reference to formulae (25)-(63), ref-
erence sign 1210 denotes d.

The total number of samples to be removed, d, 1s then
related to A, as:

K+l (35)
d=)" A
1=0)
From formulae (32)-(33), d can be obtained as:
T[0] L+d-Tk] « | (36)
d=(A-a) - + (A + ka) - +;(A+(5—l)a)
Formula (36) 1s equivalent to:
d = (37)
AT L+d-Tk LAd =T TIO] k- 1)
(Tﬂ+ T, wi)+d . T )

Assume that the last full pitch cycle in a concealed frame
has p[M-1] length, that is:

A =T —p[M-1] (38)
From formula (32) and formula (38) 1t follows that:
A=T —p[M-1]-(k—1)a (39)

Moreover, from formula (37) and formula (39), 1t follows
that:

TI0] L+d-TIlk] (40)
d:(Tﬂ—p[M—1]+(1—k)a)( n + n + k| +
( L+d-T[k] T[O] k(k—l)]
a — +
T, T 2

Formula (40) 1s equivalent to:

d=Cﬂ—PH4—H{TW]+L+d_Tw]+@+- 41)
T. T,
T[0] L+d-TIk]
aﬁl—h}T + (1 —-%k) n +
L+d-Tlk] T[0] kk-1)
(1 -k +k T __T}'+ 5 )

From formula (17) and formula (41), 1t follows that:

L+d T[0

+ a(—k |
I; 1;

(42)
+

4o (T M - 1] L+d—T[k] _k(k—l)]

T. 2
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Formula (42) 1s equivalent to:

aT. = (43)

k(1 = k)
(T, — pIM — 1)L +d) +a(—kT[0] +L+d-T|k]|+ 5 Tﬂ]
Furthermore, from formula (43), 1t follows that:

dT, — (T, — p[M = 1])(L + d)
K=K
2 O

(44)

i =
—kT[O]+ L+d —T[k] +

Formula (44) 1s equivalent to:

p[M -11(L+d) - T.L
k(1 —k)
L

(45)

{1 =

L+d—-(k+ 1)T|0]-kT. +

Moreover, formula (45) 1s equivalent to:

p[M-11(L+d)-T.L
K+h),
2 O

(46)

{d =

L+d—(k+DT[0] -

According to embodiments, it 1s now calculated based on
formulae (32)-(34), (39) and (46), how many samples are to
be removed or added before the first pulse, and/or between
pulses and/or after the last pulse.

In an embodiment, the samples are removed or added 1n
the mimmum energy regions.

According to embodiments, the number of samples to be
removed may, for example, be rounded using:

Ay =4A0)

A=A +A;  —AL |, 0<i<k

k
A1 =d - Z A;
=0

In the following, a case with one pulse (k=0) 1s described
with reference to formulae (47)-(53).
[f there 1s just one pulse 1n the concealed frame, then A,

samples are to be removed before the pulse:

T[0]
1.

(47)

Ag=(A—-a)

wherein A and a are unknown variables that need to be
expressed 1n terms of the known variables. A, samples are to
be removed after the pulse, where:

L+d—T[0] (48)
1 = T
Then the total number of samples to be removed 1s given
by:

d=Ag+A (49)
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From formulae (47)-(49), 1t follows that:

T[0]
1.

L+d—T[0]
1.

+A 59

d=(A—-a)

Formula (50) 1s equivalent to:

AT =A(L+d)-aTT0] (51)

It 1s assumed that the ratio of the pitch cycle before the
pulse to the pitch cycle after the pulse 1s the same as the ratio
between the pitch lag in the last subirame and the first
subirame 1n the previously received frame:

a__plll o (52)
A-a p[-4]
From formula (32), 1t follows that:
(53)

Moreover, from formula (51) and formula (53), it follows
that:

1 (54)
dT. = A(L+ d) —&(1 - ;]T[O]
Formula (34) 1s equivalent to:
daT. (53)

A=

L+d +(l — I]T[U]

r

There are SA-a| samples to be removed or added in the
minimum energy region before the pulse and d-JA-a]
samples after the pulse.

In the following, a simplified concept according to
embodiments, which does not require a search for (the

location of) pulses, 1s described with reference to formulae
(56)-(63).

t[1] denotes the length of the i” pitch cycle. After remov-
ing d samples from the signal, k full pitch cycles and one
partial (up to full) pitch cycle are obtained.

Thus:

k—1

Z fli] < L =< Zk: il
i=0

(56)

1=

As pitch cycles of length t[1] are obtained from the pitch
cycle of length T after removing some samples, and as the
total number of removed samples 1s d, 1t follows that

kT <L+ds(k+1)T. (57)
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It follows that:

L+d <k L+d (538)
7. =TT

Moreover, 1t follows that
B L+d (59)
‘[ T. |

According to embodiments, a linear change 1n the pitch
lag may be assumed:

([i]=T.~G+1)A, O=i<k

In embodiments, (k+1)A samples are removed in the k™
pitch cycle.

According to embodiments, in the part of the k™ pitch
cycle, that stays 1n the frame after removing the samples,

L+d—-kT.
(k + DA

C

samples are removed.
Thus, the total number of the removed samples 1s:

L L+d-iT, (60)

k—1
(k + 1)A+Z G+ DA
=0

C

Formula (60) 1s equivalent to:

(61)

L+d—-KkT. kik+ 1)
d = x (kK + 1A + 5 A

Moreover, formula (61) 1s equivalent to:

(62)

d (Lm—kn k]

k+1) T T3

Furthermore, formula (62) 1s equivalent to:

2dT.
C (k+ DQRL+2d-kT.)

(63)

A

According to embodiments, (1+1)A samples are removed
at the position of the minimum energy. There 1s no need to
know the location of pulses, as the search for the minimum
energy position 1s done 1n the circular bufler that holds one
pitch cycle.

I the minimum energy position 1s after the first pulse and
iI samples belfore the first pulse are not removed, then a
situation could occur, where the pitch lag evolves as (T _+A),
T.,T.,(T -A), (T _-2A) (two pitch cycles 1n the last received
frame and three pitch cycles in the concealed frame). Thus,
there would be a discontinuity. The similar discontinuity
may arise after the last pulse, but not at the same time when
it happens before the first pulse.
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On the other hand, the mimmum energy region would
appear after the first pulse more likely, 11 the pulse 1s closer
to the concealed frame beginning. It the first pulse 1s closer
to the concealed frame beginning, it 1s more likely that the
last pitch cycle 1n the last recetved frame 1s larger than T,.
To reduce the possibility of the discontinuity in the pitch
change, weighting should be used to give advantage to
mimmum regions closer to the beginning or to the end of the
pitch cycle.

According to embodiments, an implementation of the
provided concepts 1s described, which implements one or
more or all of the following method steps:

1. Store, mn a temporary buller B, low pass filtered T
samples from the end of the last received frame,
searching in parallel for the minimum energy region.
The temporary bufler 1s considered as a circular bufler
when searching for the minimum energy region. (This
may mean that the minimum energy region may consist
of few samples from the beginning and few samples
from the end of the pitch cycle.) The minimum energy
region may, €.g., be the location of the minimum for the
sliding window of length [(k+1)A]| samples. Weighting
may, for example, be used, that may, e.g., give advan-
tage to the minimum regions closer to the beginning of
the pitch cycle.

2. Copy the samples from the temporary bufler B to the
frame, skipping |A| samples at the minimum energy
region. Thus, a pitch cycle with length t[0] 15 created.
Set 0,=A-|A].

3. For the i” pitch cycle (0<i<k), copy the samples from
the (i-1)" pitch cycles, skipping |A|+]d, , | samples at
the minimum energy region. Set §,=0, ,—|9,, [+A-|A].
Repeat this step k-1 times.

4. For k™ pitch cycle search for the new minimum region
in the (k-1)"“ pitch cycle using weighting that gives
advantage to the minimum regions closer to the end of
the pitch cycle. Then copy the samples from the (k-1)"¢
pitch cycle, skipping

=d — | K*A]

k(k+1) kik —1)
d—{ 5 A+ 5 A

samples at the mimimum energy region.

If samples have to be added, the equivalent procedure can
be used by taking 1nto account that d<0 and A<O and that we
add 1n total Id| samples, that 1s (k+1)IAl samples are added
in the k” cycle at the position of the minimum energy.

The fractional pitch can be used at the subirame level to
derive d as described above with respect to the “fast algo-
rithm for determining d approach™, as anyhow the approxi-
mated pitch cycle lengths are used.

In the following, a second group of pulse resynchroniza-
tion embodiments 1s described with reference to formulae

(64)-(113). These embodiments of the first group employ the
definition of formula (15b),

T,=|7,+0.5]

wherein the last pitch period length 1s T, and the length of
the segment that 1s copied 15 T..

If some parameters used by the second group of pulse
resynchromization embodiments are not defined below,
embodiments of the present invention may employ the
definitions provided for these parameters with respect to the
first group of pulse resynchronization embodiments defined

above (see formulae (25)-(63)).
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Some of the formulae (64)-(113) of the second group of
pulse resynchronization embodiments may redefine some of
the parameters already used with respect to the first group of
pulse resynchronization embodiments. In this case, the pro-
vided redefined definitions apply for the second pulse resyn-
chronization embodiments.

As described above, according to some embodiments, the
periodic part may, e.g., be constructed for one frame and one
additional subframe, wherein the frame length 1s denoted as
L=Lframe*~-/"4me

For example, with M subirames 1n a frame, the subirame
length 1s

I._subf -
_subir= —-.

As already described, T[0] 1s the location of the first
maximum pulse 1 the constructed periodic part of the
excitation. The positions of the other pulses are given by:

=710+ T...

According to embodiments, depending on the construc-
tion of the periodic part of the excitation, for example, after
the construction of the periodic part of the excitation, the
glottal pulse resynchromization 1s performed to correct the
difference between the estimated target position of the last
pulse in the lost frame (PY), and its actual position in the
constructed periodic part of the excitation (T[k]*).

The estimated target position of the last pulse 1n the lost
frame (P) may, for example, be determined indirectly by the
estimation of the pitch lag evolution. The pitch lag evolution
1s, Tor example, extrapolated based on the pitch lags of the
last seven subirames before the lost frame. The evolving
pitch lags 1n each subirame are:

plil=T,+(i+1)8,0si <M (64)
where
5 _ TE’II — Tp (65)
M
and T_ T . 1s the extrapolated pitch and 1 1s the subirame

index. The pitch extrapolation can be done, for example,
using weighted linear fitting or the method from G.718 or
the method from G.729.1 or any other method for the pitch
interpolation that, e.g., takes one or more pitches from future
frames 1nto account. The pitch extrapolation can also be
non-linear. In an embodiment, T __, may be determined in the
same way as 1, 1s determined above.

The difference within a frame length between the sum of
the total number of samples within pitch cycles with the
evolving pitch (p[1]) and the sum of the total number of
samples within pitch cycles with the constant pitch (1)) 1s
denoted as s.

According to embodiments, 1t T, >1, then s samples
should be added to a frame, and 1t Text<l , then —s samples
should be removed from a frame. After adding or removing,
sl samples, the last pulse 1n the concealed frame will be at
the estimated target position (P).

It T, ~1,, there 1s no need for an addition or a removal
of samples within a frame.

According to some embodiments, the glottal pulse resyn-
chronization 1s done by adding or removing samples 1n the
minimum energy regions of all of the pitch cycles.

In the following, calculating parameter s according to

embodiments 1s described with reference to formulae (66)-
(69).
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According to some embodiments, the difference, s, may,
for example, be calculated based on the following prin-
ciples:

In each subframe 1, p[1]-T, samples for each pitch cycle

(of length T,) should be added (if p[i1]-T,>0); (or
T —pl[1] samples should be removed 1f p[1]-T,<0).
There are

L_subfr B L. L subfr B L
T,  MT, T,  MT,

pitch cycles 1n each subirame.
Thus 1n 1-th subframe

L

(Plil = T)

samples should be removed.
Therefore, 1n line with formula (64), according to an
embodiment, s may, €.g., be calculated according to formula

(66):

M-I I’ (66)
S = (plil = T;)
; MT,
= 3 T '+ 1)o-T -
= 2, (Tp + i+ Do =T 3mm
I M1
= MTF - ((I + 1)(54‘ Tp — Tr)
Formula (66) 1s equivalent to:
M—1 \ (67)
$= 3| M —Tr)+5; (Hl); =
L M(T. _ T 5M(M +1)
Tr( ( P r)'l' Y ]a
wherein formula (67) 1s equivalent to:
L MADYy L oM+l Lo (68)
) s L
and wherein formula (68) 1s equivalent to:
(69)

Note that s 1s positive 1t Tm>TpT ~~I» and samples should
be added, and that s is negative if T<T,*="» and samples
should be removed. Thus, the number of samples to be
removed or added can be denoted as Isl.

In the following, calculating the index of the last pulse
according to embodiments 1s described with reference to
tormulae (70)-(73).

The actual last pulse position in the constructed periodic
part of the excitation (T[k]) determines the number of the

full pitch cycles k, * where samples are removed (or added).
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FIG. 12 1illustrates a speech signal before removing
samples.

In the example 1llustrated by FIG. 12, the index of the last
pulse k* is two and there are two full pitch cycles from which
the samples should be removed. Regarding the embodiments
described with reference to formulae (64)-(113), reference
sign 1210 denotes |sl.

After removing |s| samples from the signal of length L—s,
where L=L_frame, or after adding |s| samples to the signal
of length L—s, there are no samples from the original signal
beyond L-s samples. It should be noted that s i1s positive i
samples are added and that s 1s negative 1f samples are
removed. Thus L-s<L if samples are added and L-s>L if
samples are removed. Thus T[k]*¥ is within L-s samples
and k 1s thus determined by:

=i\ TTi|<L-s<TTi+1]
From formula (15b) and formula (70), 1t follows that

(70)

IOk T, <L-s=TT01+(k+1)T. (71)
That 1s
L-s=T(0]  _ _L-s-T[0] (72)
T, ST

According to an embodiment, k may, e.g., be determined
based on formula (72) as:

(73)

For example, in a codec employing frames of, for
example, at least 20 ms, and employing a lowest fundamen-
tal frequency of speech of at least 40 Hz, in most cases at
least one pulse exists in the concealed frame other than
UNVOICED.

In the following, calculating the number of samples to be
removed 1 minimum regions according to embodiments 1s
described with reference to formulae (74) (99).

_ It may, e.g., be assumed that A’Ai samples in each full i”
; pitch cycle between pulses shall be removed (or added),
where A, 1s defined as:

A=A+(i-1)a, 1=i<k (74)

and where a 1s an unknown variable that may, e.g., be
expressed 1n terms of the known variables.

Moreover, 1t may, e.g., be assumed that A~ samples shall
be removed (or added) before the first pulse A 7, where A °

1s defined as:

T10] (75)

T,

T0]

A=A
0 = 8¢ T

= (A —a)

Furthermore, 1t may, e.g., be assumed that A, ,# samples
alter the last pulse shall be removed (or added), where A,

1s defined as:

L—s—T[k] L—s—T[k] (76)

&E_l_l — Ak+l — (& +kﬂ)
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The last two assumptions are in line with formula (74)
taking the length of the partial first and last pitch cycles mnto
account.

The number of samples to be removed (or added) in each
pitch cycle 1s schematically presented 1n the example 1 FIG.
13, where k=2. FI1G. 13 1llustrates a schematic representation
of samples removed i1n each pitch cycle. Regarding the
embodiments described with reference to formulae (64)-
(113), reference sign 1210 denotes Isl.

The total number of samples to be removed (or added), s,
1s related to A, according to:

k (77)
|s| = AG + A,y + Zﬁf
=1
From formulae (74)-(77) it follows that:
T[0] L-—s—Tlk] < | (78)
s| = (A — @) - + (A + ka) - +;(A+(5—l)a)
Formula (78) 1s equivalent to:
T[0] L—s—TIlk] ko (79)
s| = (A — @) - + (A + ka) - +k&+a;(£—l)
Moreover, formula (79) 1s equivalent to:
T[0] L—s—TIk] k(k — 1) (80)
Is| = (A —a) T + (A + ka) T +kA+a 5
Furthermore, formula (80) 1s equivalent to:
Is| = (81)
A0 L-s-TIK y ( L-s-Tk] T0O] kik-1
(Tr+ T, wk)+d T, T, —)

Moreover, taking formula (16b) 1nto account formula (81)
1s equivalent to:

(82)

=82 2T

T[0]  k(k — 1)]
_I_
¥ Tr

T, 2

According to embodiments, 1t may be assumed that the
number of samples to be removed (or added) 1n the complete
pitch cycle after the last pulse 1s given by:

Ay =, -p[M-1]I=IT-T,, (83)
From formula (74) and formula (83), 1t follows that:
A=IT.~T,_|-ka (84)

From formula (82) and formula (84), 1t follows that:

(83)

L—3s L—s—-TIlk]
1 = (17, = Tl = ke =)+ k== -

¥

T[0] kk-=-1)
T, " 2 )

5

10

15

20

25

30

35

40

45

50

55

60

65

42

Formula (85) 1s equivalent to:

Is| = (86)
7 Tml(L—s)”(_kL—s LS T TIO) | Atk 1)]
T, T, T, T, 2
Moreover, formula (86) 1s equivalent to:
L—s Tk] T[0] Kk(k—1) (87)
s = 1T, = Teal( S|+ o~k = = + =]
Furthermore, formula (87) 1s equivalent to:
kik — 1) (88)
ST, =T, = Toal(L =)+ ~KTIK] = T[0) + ——T,)

From formula (16b) and formula (88), 1t follows that:

k(k — 1)
T,
2

: (89)
Is|T, = |7, — Tt |(L —5)+ ﬂ(—kT[O] — kT, - T[0] + ]

Formula (89) 1s equivalent to:

SIT, = 1T, = ToallL =) + o =Gk + LT[0 - =T, o
Moreover, formula (90) 1s equivalent to:
kik+1) (91)
ST, = 1T, = Tl = 5) = af =k + DT10] - —— =1
Furthermore, formula (91) 1s equivalent to:
k (92)
SIT, = [T, = Teul(L =) = =k + Do T[0) + 573
Moreover, formula (92) 1s equivalent to:
k (¥3)
7, = TealiL=5) = BIT, = (6 + 1 710] + 57,
From formula (93), 1t follows that:
q = |TI‘_TEII|(L_S)_|S|TF (94)

(kK + l)(T[O] + I%Tr]

Thus, e.g., based on formula (94), according to embodi-
ments:
it 1s calculated how many samples are to be removed
and/or added before the first pulse, and/or
it 1s calculated how many samples are to be removed
and/or added between pulses and/or
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it 1s calculated how many samples are to be removed
and/or added after the last pulse.
According to some embodiments, the samples may, e.g.,

be removed or added 1n the minimum energy regions.
From formula (85) and formula (94) follows that:

&g ) (& - H) T;?] = (lTr = forl —ka — -‘51) T;?] (95)
Formula (93) 1s equivalent to:
r1Y] (96)

&g — (lTr — forl — (k + 1)'{1)

T,

Moreover, from formula (84) and formula (94), 1t follows
that:

A=A+(i-Da=IT. | -ka+(i-1)a, 1<i<k (97)
Formula (97) 1s equivalent to:
A=IT-T, |-(k+1-i)a, 1sisk (98)

According to an embodiment, the number of samples to
be removed aiter the last pulse can be calculated based on
formula (97) according to:

k (99)
Aryr =I5l —AG - Zﬁf
=1

[t should be noted that according to embodiments, AZ, A,
and A, © are positive and that the sign of s determines 11 the
samples are to be added or removed.

Due to complexity reasons, in some embodiments, 1t 1s
desired to add or remove integer number of samples and
thus, 1n such embodiments, A;”, A, and A,_,” may, e.g., be
rounded. In other embodiments, other concepts using wave-
form interpolation may, e.g., alternatively or additionally be
used to avoid the rounding, but with the increased complex-
ity.

In the following, an algorithm for pulse resynchronization
according to embodiments 1s described with reference to
formulae (100)-(113).

According to embodiments, mnput parameters of such an
algorithm may, for example, be:

L* Frame length

M Number of subirames

I, Pitch cycle length at the end of the last received frame

T__, T ., Pitch cycle length at the end of the concealed

frame

src_exc Input excitation signal that was created copying

the low pass filtered last pitch cycle of the excitation
signal from the end of the last recerved frame as
described above.

dst_exc Output excitation signal created from src_exc

using the algorithm described here for the pulse resyn-
chronization

According to embodiments, such an algorithm may com-
prise, one or more or all of the following steps:

Calculate pitch change per subirame based on formula

(65):
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(100)

Calculate the rounded starting pitch based on formula
(15b):
T,=|7,+0.5] (101)

Calculate number of samples to be added (to be removed
if negative) based on formula (69):

(102)

Find the location of the first maximum pulse T[0] among,
first T, samples 1n the constructed periodic part of the
excitation src_exc.

Get the index of the last pulse 1n the resynchronized frame
dst_exc based on formula (73):

(103)

Calculate a—the delta of the samples to be added or
removed between consecutive cycles based on formula

(94):

_ |Tr — forl(L_ 5) R |5|Tr

(kK + l)(T[O] + fiTr]

(104)

e

2

Calculate the number of samples to be added or removed
betore the first pulse based on formula (96):

T[0] (1035)
T,

55 — (lTr — forl — (k + l)ﬂ)

Round down the number of samples to be added or
removed before the first pulse and keep 1n memory the
fractional part:

A=A ] (106)

F=AL-A, (107)

For each region between two pulses, calculate the number
of samples to be added or removed based on formula

(98):

A=IT.~T._|-(k+1-i)a,1=i<k (108)

Round down the number of samples to be added or
removed between two pulses, taking into account the
remaining fractional part from the previous rounding:

A/=|A~F] (109)

F=A~A, (110)

If due to the added F for some 1 it happens that A'>A, ",
swap the values for A and A,_,".

Calculate the number of samples to be added or removed
after the last pulse based on formula (99):
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K (111)
Ay =Ils +05]1= )" A
1=0

Then, calculate the maximum number of samples to be
added or removed among the minimum energy regions:

(112)

/ . P
&mm_m;ax&i —

f f !
A, B = Apy
Al Al < Al
pls By < 8p

Find the location of the minimum energy segment P, . [1]
between the first two pulses 1n src_exc, that has A
length. For every consecutive mimmum energy seg-
ment between two pulses, the position 1s calculated by:

Pmin[f]zpmin[l ]+(I._1)Tr: 1<i=k

It P . [1]>T, then calculate the location of the minimum
energy segment before the first pulse 1n src_exc using
P __[10]=P, _[1]-T,. Otherwise find the location of the
minimum energy segment P_ . [0] before the first pulse
in src_exc, that has A;' length.

It P,_. [1]4+4kT <L-s then calculate the location of the
minimum energy segment after the last pulse 1n src_exc
using P, [k 1]=P, . [1]+KT,. Otherwise find the loca-
tion of the minimum energy segment P_ . [k+1] after
the last pulse 1n src_exc, that has A, ;' length.

If there will be just one pulse 1n the concealed excitation
signal dst_exc, that 1s 11 kk 1s equal to O, limait the search
for P_. [1]1P_. 1] to L-s. P__ [1] then points to the
location of the minimum energy segment after the last
pulse 1n src_exc.

If s>0 add A, samples at location P, . [1] for O=1=<k-1 to
the signal src_exc and store 1t in dst_exc, otherwise it
s<?0 remove A' samples at location P_ . [1] for O=1=<k+1
from the signal src_exc and store it 1n dst_exc. There
are k+2 regions where the samples are added or
removed.

FIG. 2¢ illustrates a system for reconstructing a frame
comprising a speech signal according to an embodiment.
The system comprises an apparatus 100 for determining an
estimated pitch lag according to one of the above-described
embodiments, and an apparatus 200 for reconstructing the
frame, wherein the apparatus for reconstructing the frame 1s
configured to reconstruct the frame depending on the esti-
mated pitch lag. The estimated pitch lag 1s a pitch lag of the
speech signal.

In an embodiment, the reconstructed frame may, e.g., be
associated with one or more available frames, said one or
more available frames being at least one of one or more
preceding frames of the reconstructed frame and one or
more succeeding frames of the reconstructed frame, wherein
the one or more available frames comprise one or more pitch
cycles as one or more available pitch cycles. The apparatus
200 for reconstructing the frame may, ¢.g., be an apparatus
for reconstructing a frame according to one of the above-
described embodiments.

Although some aspects have been described 1n the context
ol an apparatus, 1t 1s clear that these aspects also represent
a description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method
step. Analogously, aspects described 1n the context of a
method step also represent a description of a corresponding,
block or item or feature of a corresponding apparatus.

(113)

10

15

20

25

30

35

40

45

50

55

60

65

46

The mventive decomposed signal can be stored on a
digital storage medium or can be transmitted on a transmis-
sion medium such as a wireless transmission medium or a
wired transmission medium such as the Internet.

Depending on certain implementation requirements,
embodiments of the invention can be implemented 1n hard-
ware or 1n software. The implementation can be performed
using a digital storage medium, for example a floppy disk,

a DVD, a CD, a ROM, a PROM, an EPROM, an EEPROM

or a FLASH memory, having electronically readable control
signals stored thereon, which cooperate (or are capable of
cooperating) with a programmable computer system such
that the respective method 1s performed.

Some embodiments according to the invention comprise
a non-transitory data carrier having electronically readable
control signals, which are capable of cooperating with a
programmable computer system, such that one of the meth-
ods described herein 1s performed.

Generally, embodiments of the present invention can be
implemented as a computer program product with a program
code, the program code being operative for performing one
of the methods when the computer program product runs on
a computer. The program code may for example be stored on
a machine readable carrier.

Other embodiments comprise the computer program for
performing one of the methods described herein, stored on
a machine readable carrier.

In other words, an embodiment of the inventive method
1s, therefore, a computer program having a program code for
performing one of the methods described herein, when the
computer program runs on a computer.

A further embodiment of the inventive methods 1is, there-
fore, a data carnier (or a digital storage medium, or a
computer-readable medium) comprising, recorded thereon,
the computer program for performing one of the methods
described herein.

A further embodiment of the inventive method 1s, there-
fore, a data stream or a sequence of signals representing the
computer program for performing one of the methods
described herein. The data stream or the sequence of signals
may for example be configured to be transierred via a data
communication connection, for example via the Internet.

A further embodiment comprises a processing means, for
example a computer, or a programmable logic device, con-
figured to or adapted to perform one of the methods
described herein.

A further embodiment comprises a computer having
installed thereon the computer program for performing one
of the methods described herein.

In some embodiments, a programmable logic device (for
example a field programmable gate array) may be used to
perform some or all of the functionalities of the methods
described herein. In some embodiments, a field program-
mable gate array may cooperate with a microprocessor in
order to perform one of the methods described herein.
Generally, the methods are advantageously performed by
any hardware apparatus.

While this mvention has been described in terms of
several embodiments, there are alterations, permutations,
and equivalents which fall within the scope of this invention.
It should also be noted that there are many alternative ways
of 1mplementing the methods and compositions of the
present invention. It 1s therefore mtended that the following
appended claims be 1nterpreted as including all such altera-
tions, permutations and equivalents as fall within the true
spirit and scope of the present mnvention.
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The 1nvention claimed 1s:
1. An apparatus for generating a speech signal, compris-

ng:

an 1nput interface for receiving a plurality of original pitch
lag values, and

a pitch lag estimator for estimating an estimated pitch lag
of the speech signal

wherein the pitch lag estimator 1s configured to estimate
the estimated pitch lag of the speech signal depending
on a plurality of original pitch lag values and depending
on a plurality of information values, wherein for each
original pitch lag value of the plurality of original pitch
lag values, an information value of the plurality of
information values 1s assigned to said original pitch lag
value, wherein the error function depends on the plu-
rality of information values,

wherein the apparatus 1s conducted to generate the speech
signal using the estimated pitch lag, and

wherein the apparatus 1s implemented using a hardware
apparatus or using a computer or using a combination
of a hardware apparatus and a computer, wherein the
pith lag estimator 1s configured to estimate the esti-
mated pitch lag depending on the plurality of original
pitch lag values and depending on a plurality of pitch
gain values as the plurality of information values,
wherein for each original pitch lag value of the plurality
of pitch lag values, a pitch gain value of the plurality of
pitch gain values 1s assigned to said original pitch lag
value, wherein the pitch lag estimator 1s configured to
estimate the estimated pitch lag by determining two
parameters a, b, by minimizing the error function

k
err = Z g, (D) ((a+b-i)— PD))?,
1=0

herein a 1s a real number,

herein b 1s a real number,

herein k 1s an iteger with k>2, and

herein P(1) 1s the 1-th original pitch lag value, wherein

op(1) 1s the 1-th pitch gain value being assigned to the

1-th pitch lag value P(1), and

wherein a+b-1 1s the estimated pitch lag.

2. An apparatus according to claim 1

wherein the apparatus 1s configured to reconstruct a frame
as a reconstructed frame depending on the estimated
pitch lag,

wherein the apparatus 1s configured to generate the speech
signal depending on the reconstructed frame.

3. An apparatus according to claim 2,

wherein the reconstructed frame 1s associated with at least
one available frame, said at least one available frame
being at least one of the preceding frames of the
reconstructed frame and at least one succeeding frame
of the reconstructed frame, wherein the at least one
available frame comprises at least one pitch cycle as at
least one available pitch cycle, and

wherein the apparatus comprises:

a determination unit for determining a sample number
difference indicating a difference between a number of
samples of one of the at least one available pitch cycle
and a number of samples of a first pitch cycle to be
reconstructed, and

a frame reconstructor for reconstructing the reconstructed

frame by reconstructing, depending on the sample
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number difference and depending on the samples of
said one of the at least one available pitch cycle, the
first pitch cycle to be reconstructed as a first recon-
structed pitch cycle,

wherein the frame reconstructor 1s configured to recon-
struct the reconstructed frame, such that the recon-
structed frame completely or partially comprises the
first reconstructed pitch cycle, such that the recon-
structed frame completely or partially comprises a
second reconstructed pitch cycle, and such that the
number of samples of the first reconstructed pitch cycle
differs from a number of samples of the second recon-
structed pitch cycle,

wherein the determination unit 1s configured to determine
the sample number difference depending on the esti-
mated pitch lag.

4. An apparatus according to claim 1, wherein k=4.

5. A method for generating a speech signal, comprising:

recerving a plurality of original pitch lag values,

estimating an estimated pitch lag of the speech signal, and

generating the speech signal using the estimate pitch lag,

wherein estimating the estimated pitch lag of the speech
signal 1n conducted by minimizing an error function
which depends on the plurality of original pitch lag
values:;

wherein estimated the estimate pitch lag of the speech
signal 1s conducted depending on a plurality of original
pitch lag values and depending on a plurality of infor-
mation values, wherein for each original pitch lag value
of the plurality of original pitch lag values, an infor-
mation value of the plurality of information values 1s
assigned to said original pitch lag value, wherein the
error function depends on the plurality of information
values;

wherein the method 1s performed using a hardware appa-
ratus or using a computer or using a combination of a
hardware apparatus and a computer,

wherein estimating the estimated pith lag 1s conducted
depending on the plurality of original pitch lag values
and depending on a plurality of pitch gain values as the
plurality of information values, wherein for each origi-
nal pitch lag value of the plurality of pitch lag values,
a pitch gain value of the plurality of pitch gain values
1s assigned to said original pitch lag value,

wherein estimating the estimated pith lag 1s conducted by
determining two parameters a, b, by minimizing the
error function

k

g,(D)- ((a+b-i) — P(i)),
=0

err =

i

herein a 1s a real number,

herein b 1s a real number,

herein k 1s an integer with k=2, and

herein P(1) 1s the 1-th original pitch lag value,

herein gp(1) 1s the 1-th pitch gain value being assigned to
the 1-th pitch lag value P(1)), and

wherein a +b-1 15 the estimated pitch lag.

6. A non-transitory computer-readable medium compris-

¥FEEEZ

ing a computer program for implementing the method of
claim 4 when being executed on a computer or signal
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